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FOREWORD 

This study was performed by General Cynamics Convair Diviuion under NASS- 
20092. Under a subcontract from November 1978 to  May 1979, Science 
Applications, Inc. completed propellant manager tnt systems comparisons 
and prepared the written draft of this report. This final report summarizes 
the technical effort from March 1978 to September 1979. Convair program 
manager from March 1976 to August 1978 was M. H. Blatt. R. D. Bradshaw 
was program manager from August 1978 to September 1979. M. H. Blatt 
developed the refilling computer program, monitored the refilling tests,  
data reduction and modeling correlation, com~leted vapor inflow testing and 
data correlation and performed the propellant management system comparison. 
F. Merino developed the vapor inflow analysis. L. E. Siden designed the 
experimental apparatus for both the liquid and vapor flow tests, R. Spencer 
and D. Uhlken were test conductors. J. A. Risberg provided technical 
support in running vapor inflow tests, reducing data from both liquid and 
vapor infkow tests and correlating the data with analytical models. M. D. 
Walter developed capillary device and thermal subcooler weights. R. Makela 
determined propellant management system relative reliability. Chloe 
Bradshaw prepared the artwork and typed the final report. 

A l l  data a re  presented with the International System of Units a s  the primary 
system and English Units a s  the secondary units. The English system was 
used for the basic calculations. 
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SUMMARY 

The study was concerned with three main areas (1) analytical and experimental 
investigation of refilling of start  baskets with settled tluid, (2) ~ ~ a l y t i c a l  and 
experimental investigation of the retention capability of wetted screens when 
subjected to vapor flow and, (3) comparison of alternative propellant manage- 
ment systems for the Centaur D-1s vehicle. 

In the refilling task, a computer program was written to include the effects of 
dynamic pressure, screen wicking, multiple screen barriers,  standpipe 
(window) screens, variable vehicle mass for computing vehicle acceleration, 
calculation of tank outflow rate and vapor pullthrough height, options for wetting 
arrd spilling. An experimental apparatus was designed, fabricated and tested 
to  provide data for correlation with the analytical model. The test program 
was conducted in normal gravity using a scale model capiliary device and 
ethanol a s  the test fluid. The test program provided data that was success- 
fully correlated with the analytical model. The model was then used to analyze 
Centaur D-IS LO2 and LH2 capillary devices for worst case mission conditions. 

rlnalysis of vapor inflow aaross initially wetted screens was performed using 
bench tests to provide a semi-empirical model for the flow and pressure 
relationships applicable to the operation of a single screen window within n 
multiple screen capillary device. An extensive program of small scale bench 
tests was conducted using hexane, ethanol and Freon with t r a m p r e n t  models 
simulating multiple screen/wlndow configu &ion s. The results obtained had 
lower repeatibility than was desired, creating greater variability in the semi- 
empirical model predictions than i s  generally desirable for capillary device 
design. The worst case semi-empirical model predictions were used, however, 
to verify that the Centaur D-1s passive thermal conditioning system would 
have a high probability of operatinr successfully. A description is given of 
the recommended experimental program to obtain repeatable data on vapor 
flow across wetted screen window confgurofiens. 

Propellant management system  alternative^ were compared for the Centaur 
D-IS vehicle. Ten system concepts wera compared Qn the basis of payload 
weight penalty, hardware weight, rel~.live reliability, electrical power 
consumption and mission profile ilex!bility. Subsystem comparisons were 
made between settling rockets and d a r t  baskets; pressure feed and thermal 
subcoolers for boost pump NPSP (net positive suction pressure); boost pumps, 
thermal subcoolers and pressure feed for turbopump NPSP; cooled and uncooled 
ducts; and dumping any coolant: required overboard o r  pumping it back into the 
tank. Comparisons indicate that the baseline Centaur D-IS syster. i s  a prime 
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propellant management system candidate based on payload weight. Depending upon 
the relative importance of hardware weight, reliability, power coi~sumption and fiight 
profile fledbility, promising subeystem alternativer worthy of consideration are 
thermally subcooled boost pumps, pressure fed turbopumps and capillary devices. 
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INTRODUCTION 

l'he objectives of this study were t o  determine the characteristics of liquid and vapor 
flow into a Centaur D-1s capillary device and to  compare capillary devices with other 
propellant feed system alternatives. 

The use of capillary devices for replacing the baseline hydrogen peroxide settling 
system on Centaur was examined in detail in Reference 1-1. The analysis indicated 
that passively cooled start  baskets (using layers of fine mesh screen matsrials for 
wicking) coupled with thermal subcoolers (for replacing the main tank pressurization 
system) were promising for multiple burn missions. Subsequent work, reported ia  
Reference 1-2, was conducted to study wicking configurations for passive cooling, 
and thermal subcoolers for replacing boost pumps. Experimental evaluation of the 
passive cooling configurations identified that closely spaced multiple layers of 
perforated plate and fine mesh screen material could satisfy all Centaur D-1S 
capillary device thermal conditioning requirements. Several important areas for  
investigation were identified a s  a result of the efforts undertaken in Reference 1-2. 
These areas  were capillary device refilling with settled fluid and vapor flow across 
wetted screens. (Vapor must enter the capillary device t o  replace liquid evaporated 
by incident heat flux). A comparative evaluation of competing propellant management 
techniques for Centaur D-1S was identified a s  a useful method of determining the 
relative merits of promising subsystem alternatives. 

The baseline vehicle configuration for this study was the Centaur D-IS. The Centaur 
D-IS, a s  defined in Reference 1-3, represented a minimum change D-1T coqfiguration 
(Centaur formerly used with Titan), modified to be compatible with the Space Shuttle 

interface, operations and safety require- 
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ments. Approximately 95% of the existing 
Centaur components remain unchanged for 
the D-1s. Figure 1-1 summarizes aignifi- 
cant modifications made to  the existing D-1T 
to evolve the D-1s configuration. 

Mission profiles for the study were the 
planetary (1 burn), synchronous equatorial 
(2 burn) and low earth orbit (5 burn) flight 
profiles defined in Referenzes 1- 1, 1-2, and 

Figure 1-1. Evolution of the Existing 1-3 and documented in Tables 1-1, 1-2, and 
Centaur D-1T to a Centaur 1-3. 
Compatible with Space Shuttle 



Table 1-1. Planetary Mission Profile 

Event/ 
T h e  
(min. ) 

I Loadlag 
(T=O) 

MESl 

Maln enghe thrust = 13,620 kgf (90,000 I*) ISP = 443.82 sec 
Maximum ACS thruet = 10.9 kgf (24 bf) Paylord = 6,567 kgm (14,465 bm) 
Maximum ACS ~ c c e t r a t i o n  before bt bum = 4.86 x lo4 g's Dry weight = 2,015 hm (4,439 h) 
%lain engine flow rates,  LO2 = 25.6 kg/rec (56.4 1S/sec) Burnout acceleration = 1.53 g s 

Bum 
Time, 
sec 

Inltlal Maee, 
kern (1h) 

L q  11,554 (25,450) 
LH2 2,397 (5,279) 

Vehicle 22,434 (48.4lS) 
(Tm 67) 

LIi2 = 5.1 kg/aec (1L 2 lb/8ec) 

Table 1-2. Synchronous Equatorial Mission Profile 

- 
Event/ 
Time 
(min. 

Propellmt 
Burned, 
kgm (lbm) 

*Aseumes 11,846 kg, (26,313 lbm), LO2 2,478 kgm (5,459 b), LH2 fo r  full tank. 

L Q  11.488 (25,304) 
LH2 2.344 (5.164) 

Loadicg 
(T = 0 )  

YES1 
(T = 67) 

MES2 
(T = 384) 

Final Mass, 

kg, 

441.4 

Initlal Mase, 
kern ( l b )  

Lo2 11,554 (25,450) 

LH2 2,397 (5,279) 

Initial 
Pement 
w* 

11.302 (24,894) 
2,243 (4,941) 

Burn 
Time, 
sec 

Vehicle 21,541 (41.447) 
~0~ ir.488 (25.304) 
LH2 2.344 (5.164) 

Initial 
Percent 
Full* 

Lnitial 
Accel- 
errtion, 
g 

305.4 

Vehicle 12,162 (26,788) 
L02 3,621 (7,975) 
LH2 782 (1,723) 

Initial 
Accel- 
eration, 
g 

186 (410) 
101 (223) 

132.3 

*Assumes 11,946 kg, (26,313 lbm), LO2 2,478 kgm (5,459 lbm), LH2 for  full tank* 

Main engine thrust = 13,620 kgf (30,000 lh) ISP = 443.35 sec 
Xilaximum ACS thrust = 10.9 kgf (24 Ibf) Payload = 5,538 kg, (12,199 ll+,J 
:dax. ACS acceleration before last burn = 8.96 x gls Dry weight = 2,090 bm (4,604 lbm) 
k1i;bure ratlo 5.0 Burnout acceleration = 1.71 $8 
Main engine flow rates, LO2 = 26.7 kg/sec (56.65 lb/sec) 

LH2 = 5-01  kg/sec (11.03 lb/sec) 

96 
95 

0.61 



Table 1-3. 

MESl Vehicle 19.090 (42.048) 
(T=tX) I LO2 11,488 (25,304) 

2,344 (5,164) 

MES2 Vehicle 16.264 (35,824) 
( T = l l 8 )  LO2 9,155 (20,165) 

LH2 1,885 (4,153) 

MES4 Vehicle 6,443 !14,192) 
(T=459) LO2 998 (2.198) 

LH2 2S5 (650) 

Low Earth Orbit Miseion Profile 

- 
Bum 
Tlme, 
eec 

88.6 

191.32 

120.51 

18.90 

10.8 

Propellant 
Burned, 

kern mm) 

*Assumes 11.946 kgm (26,313 I&), LO2, 2,478 kgm (5.459 l b ) ,  LH2 for full tank. 

Main engine thrust - 13,620 kgf (30,000 lbf) ISP = 443.8 sec 
Maxtmum ACS thrust = 10.9 kgf (24 1%) w o a d  = 2,842 kg, (6,260 1 b )  
Max. ACS acceleration before 5th burn = 1 . 8 9 ~  104 g's Dry welght = 2,225 kg, (4,901 1 b )  
Mixture ratlo = 5.298 Burnout acceleration = 2.51 g's 
Blain englne flow rates, LO2 = 26.9 kg/sec (57.05 lb/sec) 

LH2 = 4.89 kg/sec (10.77 Ib/sec) 



CAPILLARY DEVICE REFILLING DURING ENGINE FIRING 

Partial control capillary acquisition devices (start baskets) operate by retaining liquid 
over the tank outlet between main engine burns. The start basket provides liquid flow 
to the main engines for engine restart and for a sufficient period of time to settle the 
propellants and refillthe capillary devlce in preparation for the next burn. A 
typical start basket is shown schematically in Figure 2-1. 

Due to vehicle drag the initial position of 
propellant in the tank will be at the 
forward end of the tank. Engine thrust, 
which builds up during the start sequence 
to the steady state thrust level, will 
settle the propellant to the aft bulkhead. 
Refilling of the capillary device must be 
accomplished in the subsequent higbg 
period coincident with settling and main 
engine steady state operation. Refilling 
can be accomplished during this period 
because the retention capability of the 
screen is sized for much lower accelera- 
tion levels (e. g., 1 x 10-3 gts) than 
occur during main engine firing (e. g. 
1 t o  3 gls). For refilling to be successful, 

iv- STANDPIPE OR WINDOW 

MAIN SCREEN 
(MULTIPLE 
SCREEN/PLATE 
COMBINATIOW 
FOR U'ICKING), 
SPACING 
EXAGGERATED 
FOR CLAlUTY 

s c * ~ ~ ~ D ~  LOUTLET 
CHANNEL 

Figure 2-1. Schematic of Typical Start 
Basket Configuration 

liquid must enter the capillary device in sufficient quantity to  sustain engine firing 
without vapor pullthrough and refill the capillary in preparation for the next engine 
start. 

The process of refilling is a basic element in start basket operation. Analysis of 
refilling is required to assure that the start basket functions successfully during restart. 
An analysis was performed in Reference 2-1 for the LO2 and LH2 start baskets using 
conservative assumptions. Only hydrostatic pressure was assumed as  the driving 
pressure. (No refilling augmentation due to liquid velocity impinging on the screen 
was used. ) Refilling was assumed to  start after settling was complete. Screen wetting 
was assumed to exist during the entire refilling period. 

Refilling was computed based on pressure differences between the inside and the outside 
of the capillary device. Equations were formulated, a s  described in Reference 2-1, for 
capillary device geometry, and flow/pressure drop. Capillary device volumes were 
divided into shapes that permitted close form integration of the flow into each volume 
segment a s  a function of screen open area. 

2-1. 



In the present contract the malysis of refilling was broadened to include the effeote of 
dynamic pressure, screen wicking, multiple screen barriers, window (standpipe) 
scwens that can be different mesh than the main screens, and time dependent liquid 
w.tling (collection). The analysis also included the effect6 of vehicle mass on the 
vt. hicle acceleration a s  the propellant tanks are  being drained. Outflow from the 
t!mk was included either a s  an input or  as a calculated value based on feed system 
pressures. Other analysis features are: calculation of vapor pullthrough height in 
the basket based on tank outflow rate (and channel geometry),an option for including 
a standpipe screen in the calculations, options for maintaining the standpipe in either 
a dry o r  wetted condition, an option for simulating liquid spilling from the capillary 
dwice at initiation of tank outflow (from the start basket), and an option for selecting 
t::e type of multiple screen barrier to  be used for the main screen in the screen wicking 
c ilculations. 

Fiecause of the complexit ~f the analysis a closed form solution did not appear t o  be 
feasible. A finite difference solution was constructed using the basic screen flow 
equations and the continuity equation. The screen flow equations are the heart of the 
computer program developed for analyzing capillary device refilling. 

An experimental program was conducted in normal gravity using a scale model capillary 
device and ethanol a s  the test fluid. The test program, while limited in scope due to the 
uniform gravity conditions during both retention and refillng, provided data that was 
used to successfully correlate the analytical model. The model was then used to predict 
Centaur D-1s start basket refilling. 

The followin. sections describe the refilling analysis computer program, the normal 
gravity non-cryogenic testing and the test data correlation. Documentation of the 
computer program is presented in Appendix A. 

2.1 REFILLING ANALYSIS 

An a.iialysis of capillsry device refilling with settled fluid was performed as  a tool for 
design and an: h i s  of capillary acquisition device (start basket) sizing. A computer 
program w a s  written to incorporate all significant analysis elements. Computer 
progra . ,  hcumentation is  presented in Appendix A. Inpct requirements are  fluid and 
acreon properties, start basket and tank geometry vs height above the bottom of the 
tar':, liquid collection vs time, screen impingement velocities, vehicle mass 

roperties, tank pressure and outlet geometry. 

A flaw chart of the computer program is shown in Figure 2-2. The heart of the program 
is the flow equations governing vapor o r  liquid flow into o r  out of the start basket. The 
p ropam dements determine the boundary conditions for calculating start basket fluid 
flo,v3 based on liquid level, system pressure and screen oonfiguration and surface area. 
Tontinuity is satisfied by summing the flows into and out of the capillary device and 
adjusting the pressure difference between the inside and outside of the basket until the 
flows balance. This iterative solution is achieved for time step increments until either 
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C A L L  OIPm 

4 

LIQm LEV- 
LEVEL N BASKET 

BtTENnm. BELOW PULL THRU 
ACCEWRAT- 

LEVELS 

C O m m  VELOCITY DUE TO I 
W N G E M E N T  ON D m -  
m b l  m E  OF SCREN I 

SCBROLTDlE SVFT 

LXQm LEVEL DUE T O  WICK- 

I-' 

VALUE 
or Pmam 
D m E R C N c E  

mmt AND 

Figure 2-2. REFILL - Program Flowchart 

m n ~ t  

AND'. 

TO CoMPure 
NEW VALUE 



AREAS FOR 
FLOW ACROSS 
-ANDPIPE 

COhfPUTE TC3K TE BASKET 
OLTFL<IIK RATE 

ASSUNE VALUE OF 
PRESSURE DIFFERENCE 
PROM NSIDE T O  OUT- 
SIDE O F  BASKET 

PLOW AREAS, FLUID 
VELOCITY WITH OR 
WITHOUT IMPINGE- 
Y ENT NET OUTFLOW I u 
<;,:->Ci 1 HAVE A #TAN& COMPUTE AREAS 

FOR PLOW ACR- 

COMPUTE LIQUID 
AND VAPOR F L W  

S O b l f O ~  DVCOL 

aaIJ?dE VALLZ OF 
PRESSORP: D-CE 
BEIWEEE ISSIDE AND 
OUTSIDE OF BASKET 

AND PLVID VELOCITIES 
m OR m o m  
IMPMGE3Ltlcf FOR NET 

YES 
SIJBROL?L?Z OCTFLOW 
COMPUTE TAhX OUT- 

U9EREGUI.A- ' 
F A r n  METEOD 
T O  c o r n  
NEW VALCE OF 

,DPW 

I?IIW RATE I 
YES SUBROUIWE 

IMPOUT 

I 

VAPOR FLOW RATES, 
CRECK CO?iSNCTrY 

SubmUmr ULPOUT and DVCOL have s h l k  flow chut8,  tb 
dltlorena b a m n  the subrattinas Is In th. ate. Jnd velociQ 
orlouktlom. (For MPOUT, DPLY Is opporlte in sign to that 
und in FLOW OT DVCOL). DUL; NOS subroutine dl rLot.rneatr 
are POI &om 10 order to md e ? ~ ~ e s r  compbldty. 



the total burn time o r  the pullthrough height i s  reachd. 

The pressure loss equations are separately delineated for each of six regions for fluid 
flow (without liquid impingement). The six regions (for net refilling) are: an unwetted 
region where vapor flows out of the basket into vapor, a wetted region where vapor flows 
out of the basket into vapor, a region where the liquid level outside the basket covers 
the screen and vapor flows into the liquid, a region where no flow occurs across the 
screen barrier, a region where liquid enters the basket flowing into vapor and a rogion 
where liquid enters the basket flowing into liquid. Figure 2-3 depicts these regions. 
A l l  six regions will not exist simultaneously. The delineation presented in Figure 2-3 
illustrates the entire range of possible conditions. 

.................... 

REGION N WOULD 
OWFLOW NOT EXIST FOR 

THE CASE SHOWN 

Figure 2-3. Schematic of Capillary Device Refilling Flow Regimes 

DPIN = Pu - PA 

DPS = 2.72 o/DBp, wetted screen retention pressure 

where 

DPIN = pressure differential between vapor inside the basket and  tan^ ullage 

DPS = pressure cliff erence that can be sustained by surface bnsion 

a = liquid surface tension 

DBP = screen bubble point 

For the equations presented in the following paragraph 

Po = pressure in liquid outside the basket 

pi = pressure in liquid inside the basket 

A&B are viscous and inertial constants for vapor flow across the screen 

Y&Z are viscous and inertial constants for liquid flow across the screen 



Liquid flow across the screen i s  computed from the following equation 

where V i s  the liquid velocity through the screen. 

Vapor flow across the screen i s  computed from 

where V i s  the vapor velocity across the screen. 

Substituting the pressure relationships for each region and solving Equations 2-3 and 
2-4 by using the quadratic formula yields the following expressions used in Subroutine 
FLOW. 

For  Region I with unwetted screen and vapor flow into va!: . . 

-A +q A' + 4B (DPIN) vv = 
2B 

For Region II with wetted screen and vapor flow into vapor 

- A + 4 A2 t 4B (DPIN-DPS) 
VVW = 

2B 

For Region ID with liquid outside the basket and vapor flow into liquid 

VVL = 
- A + A2 + 2B (DPIN-DPSL 

2B 

For  Region IV no flow occurs. 

For Region V liquid flow into vapor occurs 

For Region VI N t h  liquid flow into liquid 

- y +d y2 t 42 (Po - Pi - DPIN) 
VT = 

22 



The outflow velocity from the start basket is computed in subroutine OUTFLOW from 
the following equation 

where 

DPF is the pressure difference across the outlet (average during the time step). 
DPF is  a function of DPIN 

KC i s  the contraction loss coefficient for the outlet 

CC is a correction factor for a rounded entrance 

p is the liquid density 

The continuity equation evaluated using flow velocities and areas 

VV (AV) + VVW (AVW) + W L  (AVL) + V@UT (AOUT) - VL (AL) 

- VT (AT) = 0 (2-11) 

An iterative solution is performed by varying DPIN until Equation 2-11 is satisfied. 

Screen impingement i s  included in the liquid refilling flow in Regions V and VI a s  
applicable based on tho dynamic pressure aiding refilling using the expreRsion 

for the velocity of the emergent jet incident on a screen 

F is a constant used to determine the pressure drop through the ucreen 
(empirically found to be equal to 2) 

K i s  a proportionality conutant equal to the emergent jet liquid area/impinging 
jet liquid area (empirically found to be equal to 4) 

Vj isthevelocityoftheimpingingjet 

A ,  B and q, are a s  previously defined. 

Equation 2-12 was obtained from Reference 2-2. 



Sample runs were made with the REFILL computer program to test program capability. 
Program runs were made in order to design an experimental refilling apparatus. 
Several of the program capabilities described in Figure 2-2 such a s  subroutine STAND, 
variable acceleration capability and spilling options were added based on model 
correlation requirements described in Section 2-4. 

2.2 REFILLING EXPERIMENT PREPAKATION 

An experimental apparatus and normal gravity test procedure was developed with the 
following objectives: simulate actual conditions for refilling a s  much a s  possible 
considering the nonvariant ambient acceleration, simulate actual settling and collectim, 
(with realistic screen impingement), run cases where both net -efilling and net draining 
of the start basket occurs, run with tank outflow at both zero ai~d nonzero values, and 
simulate realistic standpipe and channel flow operation. 

2.2.1 TEST MODEL AND EXPERIMENTAL APPARATUS. A complete set of design 
drawings a re  shown in Figures 2-4 through 2-8. Figure 2-4 is a general arrangement 
of the refilling apparatus. Figure 2-5 details the multiple screen layer start  basket. 
Figure 2-6 shows the screened standpipe assembly and manufacturing details. 

The basic configuration shown in Figure 2-5 consists of a start  basket with multiple 
screen barr iers  for thermal conditioning and a screened window on top of the basket 
t o  allow vapor penetration during thermal conditioning and vapor removal during 
refilling. Fine mesh screened channels within the basket were designed to provide 
liquid outflow from within the start basket and will be maintained full of liquid during 
testing. The channel screen was 325 x 2300 rr2sh. The start  basket screen was 
multiple barr iers  of 200 x 600 screen. 'Iko of the basket walls were made of Lexan 
to allow backlighting, visual observation, and photographs to he employed. The top 
screen window on the basket (view M-M) was either 200 600 or  50 x 250 mesh 
screen. With 50 x 250 mesh screen, 23.45 cm (4.9 in) of liquid head could be 
retained in the basket when it is  completely wetted, (similarly 12.45 cm (4,9 in) 
of vapor will be trapped in the completely wetted basket during refilling). With 
200 x 600 screen the basket could hold its own head of liquid o r  vapor. A single 
layer removable standpipe of 50 x 250 screen (View Q) was used for some of the 
runs. The s tar t  basket cuter envelope was a square prism, 16.5 cm high x 45.72 
cm wide (6.5 in x 18 in wide). Channels were 22 cm (8.5 in) long x 15.2 cm (6 in) 
wide and 0.95 cm (3/8 in) thick. The outlet tube was 5.08 cm (2 in) in diameter, 

A square tank was fabricated with frcnt and back sides of Lexan sheet to  serve a s  the 
outer tank. Within this tank a movable cover over the basket controlled the collection 
rate of liquid. This cover consisted of a square c rom section box with an open frame- 
work on top. The cover has front and hack sides constructed of Lexan. The cover 
keeps liquid between the tmk wall and the cover until the cover i s  lifted. Lifting the 
cover allows liquid collection around the basket. Splashing of liquid against the screen 



was controlled by deploying a fence for some of the m e  to cause liquid spilling over 
the fence when the cover was removed. The cover was lifted at different rates to 
simulate different collection times. A piston/stop arraagement was used to  oontrol 
c w e r  motion. This approach was selected because the collection rate is controllable 
and the geometry can be made to simulate the wall flow that would occur during an 
a Aual axi symmetric reorientation case. 

A plumbing schematic of the capiilary device refilling apparatus i s  shown in Figure 2-7. 
A schematic showing instrumentation i s  presented in Figure 2-8, 

2.2.2 TEST VARIABLES AND INSTRUMENTATION. Ethanol was used a s  the test fluid 
because of its good wettability, low toxicity and low vapor preasure at room temperature. 
The properties of ethanol allowed reasonable start baeket heights and flow rates to be 
used. 

Surface geometry was recorded photographically on 16 mm color movie film. A scale 
with 0.1 mm divisions was mounted on the start baeket Lexan surface. Liquid level 
inside and outside the basket was measured using General Dynamics Convair fabricated 
parallel plate capacitance probes. Variable relscrance type pressure transducers were 
used to measure the pressure difference across both the start basket and channel. 
Flow rate out of the basket was measured with a tur5ine flow meter in the outlet line. 
Temperatures were measured with chromel/constantan thermocouples. The tempera- 
tures measured were T1, the temperature at the start basket AP transducer; T2, the 
temperature at the channel AP transducer; TQ, the temperature at the top of the start 
basket outer screen; T4, the temperature in the outflow line; T5, the fluid temperaturn 
in the outer annulus; and T6, the supply tank temper ature. 

Analog recordings were obtained for each run. Data channels recorded were outer 
chamber liquid level, start basket liquid level, start basket pressure drop, channel 
pressure drop, channel outflow rate, and the six eelected temperatures. A l l  quantitative 
data was obtained from the analog recordings. The motion picture runs were used for 
qualitative observations and for assistance in determtning boundary conditions such as 
settling flow pattern and screen wetting during refill. 

Test variables were outflow rate, top screen (standpipe) configuration, initial start 
basket wetting, liquid collection rate and refilling geometry. 

After assembly of the start basket, bubble point testing wae conducted preparatory to 
cnmpleting test set up assembly. Leakage occurring at the curved scarfed Lexan 
spacers between the 200 x GOO screen layers was sealed with fast curing epoxy. Shown 
in Figures 2-9 and 2-10 is the assembled test apparatus. The start basket shown 
does nd have s standpipe, Figure 2-10 shows the outlet region under the test model. 
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2.3 REFILLING TESTS 

A ser ies  of runs were made with the test configuration shown in Figures 2-9 and 2-10 
in order t o  check out instrumentation, valves, and apparatus controls. After checkout 
a aeries of twenty nine runs were made with data taken a s  described in Section 2.2.2. 
Results were obtained w e r  a wide epectrum of refilling times .aging from no ref:'.ling, 
with the 200 x 600 mesh screens, to rapid refilling with the 50 x 250 meah standpipe 
and initially dry screens. 

The matrix of test rune i s  presented in Table 2-1 showing the screens tested, the 
outflow rate, initial wetting condition, liquid collection rate, s tar t  basket initial 
liquid level at start  of collection and start  of outflow. Rms  recorded on motion 
picture film a r e  noted with an "M. " 

For the start basket top screen, three configurations were used; 50 x 250 mesh and 
200 x 600 mesh flat screens and a 50 x 250 mesh standpipe 3.81 cm (1.5 In) high and 
5.08 cm (2 in) in diameter. 

The majority of runs were made with the start  basket screen wet. Several runs were 
made with the basket initially empty and no outflow (Runs No. 10,11,19,23 and 24) 
with the screen therefore initially dry. Other runs were made with dry top screens. 
In these runs the basket was filled to a low level and the liquid level between the basket 
and the cover was initially equal to the liquid level in h e  basket. 

Zero time for each run was at the timing mark on the analog recolriing just preceding 
the lifting of the cover to allow liquid to collect over the basket. Timing marks were 
made at one second intewals. Liquid levels and flow rates a re  approximately linear 
between the time values shown in Table 2-1. 

A typical test s eyence  occurred a s  follows 

Dry top screen with GN2 purge and drain residual liquid from test  tank in 
preparation for start basket filling. 

Fill basket and inner annulus to  ciesired level with ethanol. 

Drain inner annulus (between start  basket and cover) a s  required. 

Fill outer annulus (cover i s  down) to desired level. 

Open outflow valve (if flow i s  desired) and drain otart basket. 

When start  basket i s  at desired hvel ,  lift cover (cover lift time is a s  desired) to 
collect liquid aver the start basket. 



Table 2-1. Refilling Test Data 

Bukot Top 

No. i S a m  Wottlq 

I 
I .  

i 7 50x250 Wet 

1 8 ' 50x250 / Wet 
I 



Table 2-1. Refilling Teat Data (Continued) 

St* I 
Basket i 
fop 
Temp.. 1 
tM (66); 
ter (66) 
182 (66) 

( W l  
( m i  

292 (66)i 
ZSZ (66); 
ZB2 (66)i 

(57) 
67 (57) 
87 (57) 

87 (57) 
87 (57) 
67 (57) 

89 (60) 
89 161) 
89 (61) 
89 (61) 
89 (61) 1 

1 

90 (63) ' 
90 (83) 
0 (63) 1 
91 (65) 1 
31 (64) 1 
91 (64) / 
3 1  (64) / 
$1 (64) : 
P1 (64) ! 
11 (65) 1 
11 (65) 1 
11 (65) 1 
)1  (65) 1 

$1 (65) ! 

St8n B u b t  Stan Bmket 
latema1 Exterarl 

Ibr ,  Llquld Levtl. Liquid Lwd. 
8 .  cm (tab cm (U 

0 3.8 (1.5) 1.5 (0.6) 
1 3.8 (1.5) 10.4 (4.1) 
1 4.6 ( 1 . 9  16.3 (8.4) 
4 8.1 (3.1) 18.8 (7.4) 

10 9.4 (3.7) 23.4 (9.2) 
47 13.5 (5.3) 21.6 (8.5) 1 316 14.2 (5.6) 16.3 (6.4) 

C 1 380 i 14.0 (5.5) , 15.2 (6.0) 

15 50x250 Dry 0 2.5 (1.0) 2.39 (0.9) 
1 2.5 (1.0) 9 .1 (3.2) 
2 3.6 (1.4) 17.3 (6.8) I 7 5.3 2 1 24.4 (9.6) 

35 8.4 (3.3) 23.6 (9.3) 
135 10.9 ( 4 3 )  21.1 (7.9) 
335 13.5 (5.3) lS.5 (6.1) 

i 435 13. 5 (5.3) 13.2 ( 5 . 2 ~  
I 

' 16 50x250 1 W l  i 0 2.3 (0.9) 1.3 (0.5) 
; 

2 2.5 (1.0) 17.5 (6.9) 
7 2.8 (1.1) 23.9 (9.4) 

1357 3.8 (1.5) 3.3 (1.3) 
i 1407 3.8 (1.51 2.8 (1.1) 
I 

17 NO Data I 

18 50x250 / Wet 

! 



Table 2-1. Refilling Test Df'L (Continued) 

I 
I 1 1 ~ t a n  ~ a s k e t  

I ' Basket 1 Top 1 Internal 
j Run ' . op ; Screen T h e ,  Ltquld Level. 
:So. Screen j \Vetting sec. c m  (In) 
I 

1 23 5b250 Dry I 0 0 (0) 

j M Stand- : 1 2 0 (0) 

I 
I 

I 

I 

I 
S t a n  ~ u r k e t  I 
External 

cm un) 
, I 

I 
! 

. . j 25.1 (9.9) 1-0.6 (-2.5) 
I 1 300 j 14.2 (5.6) ; 24.S (9.7 - 0 .  (-2.0) 

I 25 20b600 ! D r y  
I 1 

3.6  (1.4) I 3.0 (1.2) 1 2.8 (11.2) 
j, I 4.1 (1.6) I 16.6 ( t i  5) 2.3 (9.1) 
I 
! 1 3 15.6 (2.2); 19.8 (7.8bl1.7 (6.9) 

1 1 6 1 6.1 (2.4) ; 26.4 (10.4) ; 1.4 (5.8) 
4 ! 1 i 11.6 (4.5) / 26.2 (10.3) i 0.6 (2.4) 



7. Continue outflow from the basket (through the channele) until pullthrough occurs. 

Test data from Table 2-1 was studied for selection of test ruris to  be compared with 
REFILL program computer predictions. 

2.4 REFILLING MODEL CORRELATIIN ANT) VEHICLE PREDICTION 

The REFILL computer program was successfully correlated with test  data. The 
camputel* program was then utilized to predict refilling for Centaur D-1s LH2 and LO2 
start  baskets. 

2.4.1 REFILLING COMPUTER MODEL CORRELATION. Five test  runs were 
selected for computer program correlation: test  runs 13 to  16 and 22 as listed in 
Table 2-1. Several computer program improvements were made at this point, a s  
described in Section 2. &in order to accurately stmulate the test runs. These modifica- 
tions were: addition of a table for pullthrough height vs  flow rate, an option to eliminate 
spilling at initiation of outflow, and an option to allow the standpipe to remain dry 
during refilling independent of the liquid level outside the basket. 
\ 

Computer runs were made with both a i r  and ethanol vapor a s  the gas inside and 
surrounding the basket. The data was best correlated with air properties for vapor 
flow across the start  basket. Tank liquid level vs time obtained from test data was 
an input for each computer run. Given the initial liquid level in the basket and the tank 
liquid level versus time the major variables used in obtaining the correlation were 
AST, NDR, NU' and DBX'2. AST is  the screen area of the standpipe. NDR is  a flag 
that keeps the standpipe screen dry if not set equal to  zero. If NDR = 0 the standpipe 
screen i s  wet. NW i s  a flag that determines wetting conditions of the uncovered 
screen excluding the standpipe. If NW = 1 wetting of the screen does not occur above 
the liquid level outside the basket. If NW = 2 the basket is wetted to  the base of the 
standpipe. (If NW = 3, Subroutine SWET is used to calculate screen wetting based on 
screedplate  wicking. ) DBP2 is the bubble point of the top o r  standpipe screen. (The 
top screen consisting of a single screen layer i s  treated as a "standpipeTt Ln the 
computer simulations. ) Comparisons of test data and post test computer simulation 
a r e  shown in Figures 2-11 to 3-15. For  runs no. 14 and 15 the screen i s  initially 
dry,thus NDli = 1. Minimal screen wetting i s  assumed (NW = 1). The top screen 
bubble point i s  65 microns for 50 x 250 screen. The standpipe area that remained 
dry during refilling was determined parametrically by fixing the initial basket level 
and varying the standpipe unwetted area until the basket level at the final time (46 
seconds for run no. 14 and 34 seconds for run no. 15) was matched. Results a r e  
plotted in Figures 2-12 and 2-13 with straight lines connecting the data points and 
simulation points. 

For  runs no. 13, 16 and 22 the standpipe screen was initially wet (NDR= 0) and the basket 
screen was initially wet (NW = 2). For  runs no. 13 and 16 a 50 x 250 flat 5.08 cm (2.0 in: 
dia top screen was used a s  the Ifstandpipe. t t  For run no. 22 a 3.81 cm (1.5 in) high by 
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5.08 cm (2.0 in) diameter cylindrical standpipe was used. Initial computer runs made 
for test runs no. 13, 16 and 22 indicated that no refilling should occur. Inspection of 
test notes and movies indicated that some leakage had occurred around the standpipe 
screedmain screen attachment ring. Computer runs were then made to determine 
this leakage area. From the initial runs with no filling the minimum size leak that 
would produce refilling was determined to be approximately 130 microns. Parametric 
evaluation of the standpipe area, using a bubble point of 130 microns, determined the 
areas required to produce the desired refilling for each run. This evaluation was 
similar to that used for runs no. 14 and 15 with the initial basket level fixed and the 
area of the leak varied until the "finalu liquid level was matched. 

AST 0.177 cm (0.6001s ~ 2 )  
nBP2 = 130 mtcrona 
DBP = 17 mlcronr 
NW - 2  
NDR = 0 
OA = 0.51 

Although only five runs were evaluated in detail because of time limitations, these 
runs represent a wide range of geometry, wetting and outflow conditions. 'Re 
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usefulness of the program in predicting test conditions qualified the program a s  a 
versatile and apparently accurate tool for predicting actual start  basket refilling 
under'mission conditions. 

2.4.2 CENTAUR D-1s START BASKET REFILLING. Refilling analysis of the Centaur 
D-IS LO2 and LH2 start baskets was completed using the REFILL computer program. 
Three reference missions described in detail in Tables 1-1, 1-2 and 1-3 were used 
for  capillary device design and performance evaluation. The missions were a single- 
burn planetary mission, a two-burn synchronous equatorial mission and a five-burn 
low earth orbit mission. Each burn for these three missions was examined a s  a 
possible worst case condition for refilling. Three burns were selected for analysis 
based on the refilling g r a ~ i t y  level and engine burn time. The first  burn of the two- 
burn and five-burn missions were selected because of their relatively low gravity refill 
conditions. The fourth b u n  of the five-burn mission was selected because it required 
refilling to be accomplished in the shortest time period. Refilling time was computed 
by subtracting the settling time under main engine thrust (after settling produced by the 
s tar t  sequence) from the main engine burn time. Settling time was computed using 
five times the free fall time with the start  sequence and main engine thrust levels. For  
both of the first  burn conditions examined (the two burn synchronous equatorial mission 
and the five-burn low earth orbit mission) the start sequence thrust was predicted to  be 
sufficient to  settle the propellants. This allowed the full burn time to be used for 
refilling. For burn four of the five-burn low earth orbit mission @urn time = 18.9 sec) 
some settling with main engine thrust will be required. This reduces the allowable 
refilling time to  16 seconds for LH2 and 16.9 seconds for LO2. 

No liquid collection was assumed b occur around the basket during settling of the tank 
contents. Liquid collection was assumed to occur instantaneously after settling was 
complete. Liquid refilling calculations commenced at this point. (The computer program 
can handle refilling calculations during settling and collection, however the conservative 
assumption of instantaneous collection simplified the calculations required to generate  ire 

input for the simulation. ) Schematics of the LO2 and LH2 baskets a r e  shown in Figures 
2-16 and 2-17. The LO2 basket was modelled a s  two layers of 50 x 250 screen around 
the entire screen surface with the exception of a 5.5 cm standpipe which is a single 
layer of 50 x 250. The LH2 basket was modelled a s  a double layer 50 x 250 surface 
with a 40 x 200 mesh 10.7 cm standpipe. The standpipe was input with an 84 micron 
bubble point and the flow properties of 50 x 250 screen. The actual configuration 
consists of a 50 x 250 double screened lower surface and 40 x 200 double screened upper 
surface with a 40 Y 200 single screened standpipe. An 18 x 18 mesh cross  screen 
separates the 50 x 250 lower and 40 x 200 upper compartments. The assumptions 
used in modelling the LH2 configurations were made because no data i s  available for 
40 x 200 screen flow/pressure drop and the REFILL program does not have the 
capability to  handle multiple compartments. In! tial basket liquid volume was based 
on subtracting the thermal conditioning usage between burns and the liquid outflow 
from the basket prior to settling front +.he start basket volume. 

Results of the analysis are shown in Figures 2-18, 2-19 and 2-20. The volume versus 
height relationships used for both baskets a re  shown in Figures 2-21 and 2-22. 
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Figure 2-17. Schematic of LH2 Start Basket 
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! The refill computer program with variable g-level capability was used for this 
analysis. For the three burns considered, the results indicate that start basket 
refilling will  occur at the imposed g-level and within the refilling time constraints. 

: 

2.4.3 CONCLUSIONS AND RECOMMENDATIONS. The computer program REFILL i s  
rui important capillary device design tool that permits refilling time for start baskets 
(using settled fluid) to be predicted. The program as documented in Appendix A has 
been correlated rt!th ground test data and demonstrated to  be a useful predictive tool. 
The program is recommended for use as  a design tool to determine start basket volume 
a d  geometry. In fact, the program has already been used extensively at General 
Dynamics Convair to evaluate the capability of a start basket designed for ground 
testing with LH2 to be refilled with LN2. Test data to be obtained from the on-going 
program (NASS-31778) will provide additional verification of program accuracy in 
predicting start basket refilling. 



CAPILLARY DEVICE RETENTION~~APOR INFLOW 

In order for cryogenic capillary devices to function properly between englne restarts, 
screen retention capability must be maintained by keeping screens in a wetted condition. 
For partial acquisition devices, such as the LO2 and LH2 start baskets designed for 
the Centaur D-1S in Reference 3-1 and 3-2, contact between the screen surface8 and 
main liquid pool will not be ~ontinuously maintained between burns. The screen 
surfaces will dry out due to heat input to the surface if liquid is  not continuously 
resupplied to the screen, Supply of thermal conditioning liquid to the screen 
surface by use of wicking between multiple screedplate combinations was 
discussed in detail in Reference 3-2. Analysis and testing performed showed that 
liquid could be supplied to the screen surfaces in sufficient quantity to prevent screen 
dry out during all possible heat flax, adverse acceleration and wicking distance 
conditions, 

One concern that was not within the scope of the NAS3-19693 effort reported in Reference 
3-2 was how to handle vapor inflow. Vapor must enter the s t ad  basket volume to 
replace the liquid being evaporated from the screen surface, Unless this vapor can 
be directed to specific areas of the start basket, the vapor will detrimentally affect 
wicking flow and screon retention capability. 

If vapor enters the multiple screedplate wicking barriers, the path for wicking flow 
will be reduced to the point where liquid retention i s  last. Figure 3-1 illustrates a 
typical multiple barrier wicking configuration. The gap between the innermost layers 
will be in the order of 0.064 cm (0.025 in) for low gravity application. This approach 
is satisfactory as long as  sufficient liquid remains within the gap to provide wicking 
flow. However, eventually the gap will become filled with enough vapor that wicking 
flow rate i s  insufficient to intercept heat input to the outer screen. Outer screen dry- 
out results and liquid in the channel is lost. Because the gap between the wicklng 
barriers is small, only a small amount of liquid will be retained in the gap and the time 
required for screen dryout will not be significant compared to the time between burns. 

A concept which successfully avoids the adverse effects of vapor penetration is  a 
multiple screen liner device with a window, shown schematically in Figure 3-1. The 
so-called "windowtt is a single screen that cnables communication between the ambient 
and the inner volume of the surface tension device, This communication is  established 
by providing a larger bubble point diameter screen for tho window than for the multiple 
screens, to guarantee that vapor penetration will occur at the window screen and enter 
the device inner volume. The advantage of allowing vapor penetration at the window 
screen is that the multiple screens will remain wetted and not dry out. Consequently, 
heat interception capability of the device is  maintained. 

3- 1 
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Flgure 3-1. Multiple Screen Liner With Window 

Vapor inflow aoross wetted soreened wlndows was examined in detail during this study. 
An extensive program of small scale bench tests was conducted in order to verify and 
correlate the equations, Persistent difficulties were experienced in obtaining repeatable 
results. 

The remainder of this eection diecusses the equation8 believed to govern the operation of 
a single window screen within a multiple screen barrier configuration. Descriptions, 
drawings and photographs of the experimental apparatus and test specimens used are 
presented with a discussion of msults, analytical model correlations and recornmenda- 
tions for additional experimentation. 

3.1 VAPOR XNFLOW ANALYTICAL MODEL DEVELOPMENT 

Analytical evaluation of the vapor inflow process wae performed in conjunction with 
some simple bench tests to obtain empirical fnctoru for developing the governing 
equations. A small transparent box, repmeenting a rr.ultiple scresn/windaw configura- 
tion, was teuted in hexane for this purpose. The box is shown schematically in Figure 
3-2 along with the nomenclature used in the analysis. Figure 3-3 tllwtrates the 
interface conditions and pressures at the sareened window, Using the nomenclature 
of Figures 3-2 and 3-3, the driving pressure for wlcking acmes the window screen, 
bPWtck is determined to be 



at tht mint of vapor breakthrough across the 
window screen. 

where dPWicka8 defined by Equation 3-3 is a 
maximum due to the minimum value of the 
liquid film proseure PL being used. APo2 
is  the bubble point of the window screen. 
For wicktng flow to occur along the window 
screen  PI,^ > PA - A P ~ ~ .  

The heat intercept capabilitv of a single 
horizontal screen i s  found from Reference 
3-3 to be 

Figure 3-2. Multiple Screen Liner 
With Window 

Figwe 3-3. Interface i urvature at the Screen Window 
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where 
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i s  the applied heat rate 

is the screen surface area 

i s  the liquid density 

i s  the latent heat of vaporization 

is the screen thickness 

is a correlation constant 

i s  the distance f r ~ m  the liquid source to the wicking front 

is the liquid surface tension 

is the liquid viscosity 

The derivation of Equation 3-4 is based on the assumption that APwick and screen 
bubble point AP are  equivalent. For the window screen application, however, these 
terms are  not equivalent and Equation 3-4 must be adjusted accordingly. The adjust- 
ment has been to introduce a correction factor, F, , which results in 

where F, = hPWick/APg2 (3-6) 

i'rom Equation 3-5 one can show that 

The window screen will remain .wetted a s  long a s  i ts wicking capability is equal to, o r  
exceeds the incident heat flux, Q/A. Because liquid wicking capability is decreased a s  
F, (i. e., hPWick ) i s  reduced, the screen will begin to dry once F, drops below a 
minimum level. Screen drying can be explained from Equntion 3-7 which shows that 
a s  F, drops in value, L must also be reduced in order to  maintain a constant Q/A. 
A reduction in L i s  equivalent to having a portion of the screen become dry because of 
the unavailability of liquid. Vapor flow will occur through the screen s t  this point. 
The flow of vapor into the inner volume will increase Pu, P L ~  and F,. The increase 
in F, will increase window screen wicking flow rate capability. Eventually the dry 
portion of the screen will re-wet, and vapor penetrction will cease. Thus the pressure 
difference across the window screen cycles between minimum and maximum values. 



Using the nomenclature of Figure 3-2, where H3 i s  the mawmum Uquid head that 
can he retained by the window screen and Hamin f%is value just after vapor break- 
through 

and 7:- is found experimentallv from 

F, i s  a quantity to be determined from testing and i s  a direct measure of the ability of 
the window screen to rewet and remain wetted. Substituting back into Equation 3-5 
allows the heat interception capability of the configuration to  be determined. 

Also to be determined from the testing is a factor that measures when the screen 
cannot rewet. A s  the liquid level in the capillarv device under the window screen 
drops, the capabilitv for wicking across the window screen i s  reduced. Experimentally, 
a relationship was found that predicted the limit of the window.'rnain screen system. 
This equation 

is a pressure balance at the time of screen breakdown. (The exploratory tests  conducted 
prior to  formulation of the analysis and test plan had shown that the quantity Ku was a 
constant equal to 0.44 for the apparatus shown schematically in Figure 3-2 using 
hexane a s  the test fluid.) The following equations transform Equation 3-12 into an 
expression that can be evaluated from experimentally measured quantities. 

Combining Equation 3-3 with the relationship PI, PL + pgHl (from Figure 3-2) gives 2 

Substituting Equation 3-12 into 3-13 results in 



Substituting Equations 3-8 and 3-10 into 3-15 

Dividing Equation 3-17 by H3m,, gives 

Since Equation 3-11 shows HQ 
min/H3max 

=1-F, 

~ ~ u a t i o i ' 3 - 1 9  identifies the maximum head difference that can exist between the inner 
volume and the outer volume liquid levels before window screen drying occurs. A t  this 
point Hi i s  replaced by H1c, t o  designate a critical head difference and Equation 3-19 
becomes 

The heat interception capability and H1cr can be related by combining Equations 3-5 
and 3-20 

The single unknown in Equation 3-21 is KU. An extensive program of normal gravity 
bench tests was conducted to determine values of Fa and Ku (using Equations 3-11 
and 3-20) for a variety of screen configurations and test  fluids. This information 
would then be extrapolated to cryogenic fluids and low gravity s tar t  basket configurations 
based on the physical property and geometric relationships found. A corollary objective 
of the testing was to increase the basic understanding of the physical processes 
controlling the wetting of screens subjected to transverse vapor flow. 

3.2 VAPOR INFLOW APPARATUS AND TESTING 

A ser ies  of tests were run in order to  evaluate the equations presented in Section 3.1. 
Initial testing with a single test article using hexane pro-Aded repeatable results that 
were used to formulate the analytical model. Additional tests using several test  fluids 



and test articles were planned based on the initial results. These results, however, 
. % were found to  be disappointing both in repeatability of runs and rewetting performance, 

Considerable effort was expended in refining both test conditions and test article 
geometry in order to achieve results consistent with that obtained with the initial 
test  article. Only limited success was achieved in this effort. 

The following section chronologically describes the test configurations and test 
conditions employed during the study. Testing was conducted in five test  series. The 
first test ser ies  used a single small test  article and produced repeatable results, 
Based on these results six new articles were built and tested with hexane. The 
configurations were designed t o  yield parametric data on the screen wetting process 
when subjected to vapor flow. Results obtained were less  repeatable than the first  
test  ser ies  and showed poorer wicking performance. Some of the problems w3re felt 
t o  be a result of (1) lack of control of wicking between the main screen and windaw- 
screen, (2) reduced volume under the window and (3) increased screen deflection 
beccuse of the increased screen span between supports. New articles were fabricated 
with reduced span, improved main screen/window screen wicking and increased volume 
under the window. The third test  ser ies  was conducted with hexane using a bell jar for 
improved environmental control with the new test article a s  well a s  the original article. 
Somewhat better results were obtained under these conditions. Two additional boxes 
were then fabricated with different window lengths and tested in the fourth test  ser ies  
using hexane, ethanol and Freon TI?. The test data was not a s  consistent a s  that 
"btained in the third test secies. In the fifth test ser ies  two of the boxes were modified 
and tested with hexane and Freon TF. One of the boxes used Teflon dams to  promote 
unidirectional wicking. The other box used screens with higher retention capability 
than previously tested. 

Quantitative experimental results and the analytical model correlation a re  presented in 
Section 3.2. Recommendations for additional testing a r e  presented in Section 3.3. 

3.2.1 VAPOR INFLOW TESTING - INITIAL TEST ARTICLE 10/76 TO 11/76. Tests 
were initially conducted using the device illustrated in Figure 3-4, using hexane a s  
the test fluid. Test observations for the first  test (test no. 1) were run a s  follows. 

1. After the inner and outer volumes were filled with hexane, the fill valve was closed 
and the model oriented a s  shown in Figure 3-5. 

2. The vapor pressure of hexane was sufficiently high that evaporation readily 
occurred at ambient pressure and temperature conditions. Consequently, 
evaporation commenced immediately at the screen. 

3. Bubble penetration at the 50 x 250 p window screen was observed to occur at 20 
second intervals for flow periods of about 2 seconds (Figure 3-5a). It was 
believed that liquid evaporation at the screen caused liquid flow from the inner 
volume t o  the outer volume through a slot at the bottom of the device. This 
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Figure 3-4. Multiple Screen Liner With Window Test Device 
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Figure 3-5. Multiple Screen Liner With Window - Initial Test Series - 
Test No. 1 
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liquid flow reduced the inner volume pressure suffioiently to  cauee bubble 
penetration (about ten to twelve 0.32 om (1/8 in) diameter bubbles in two seconds). 
Apparently the eighteen eeoonds between bursts of bubble flow was the liquid flow 
time required to exceed the bubble point fiP oapability of the window screen, 

: f 
i 4. Surface evaporation at the eoreen ooatinued until the inner volume liquid level 

i 
' : 

dropped below the screen at the base of device (Figure 3-5b). Once the screen 
8 

. ?  dried out due to surface evaporation, liquid retention was lost and liquid leakage 
f began. The test was terminated at this time. 

P 

I 5. By visual observation bubbling rates and bubble sizes were used t o  determine an 
: : .. I approximate liquid evaporation rate of 0.008 om3/sec (1.8 in3/hour ), which 
. .. translates to  a heat ~ U X  at the screen of 418.5 watts/m2 (133 Btu/hr-ft2). During 

testing an air stream was direoted at the screen surface for a short period. It 
was estimated that liquid evaporation rate was increased by a factor of flve to  ten. 
Screen drying did not occur in the time period observed. 

The n e t  test run (te& no. 2) provided the following observations, 

1. After the inner and outer volumes were filled with hexane, the fill valve was 
closed and model oriented a s  shown in Figure 3-6. 

2. While the inner volume liquid level remained above the window (Figure 3-6a), 
bubble penetration at the 50 x 250 p window screen was observed to  occur at 20 
second intervals. This was an identical observation to that in test no. 1 

a) Small vapor pocket b formad nard to b) LWld fUm la  rn.lnwnrA at 0 )  Llquld 10- bagha owe level 
wtpbW M vapor pmtder widow m w  by wbklug d00# drop8 below bane of screen. Thln 
screen. m w  anrwnfnm! chpnnsi. 18 evlderre that screen dryout hns 

oaourred. 

Figure 3-6. Multiple Soreen Liner With Window - Initial Test Series - Test No. 2 
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Surface evaporation at the sareen oontinued even aiter the liquid level drapped 
below the window screen. Beyond this time, a liquid film was maintained on 
the window screen by wicking from the outer liquid volume (Figure 3-6b). 

The test was terminated after the liquid level had dropped below the screen at the 
base of the device (Figure 3-60). Liquid leakage began at this time, indicating 
that screen dry-out ocourred. - 

Liquid evaporation rates were the same a s  for test no. 1, approximately 0.008 cm3/ 
sec (1.8 in3/hr). As with test no. 1, evaporation rates  were increased for short 
time periods by directing an a i r  stream at the screen surface. 

These tests were strong evidence that use of a window with a multiple screen liner 
could provide high heat flux interception capability, minimize wicking distance to  
prevent screen dryout and preferentially allow vapor t o  penetrate the capillary device 
while maintaining screen retention capability. 

Additional tests in this initial test ser ies  were conducted t o  gain further insight into 
the mechanism of vapor penetration. Tests were performed to  determine internal 
fluid pressure during liquid flow from the outer volume (main screen) to the window 
screen. A manometer was connected t o  the inner volume under the window t o  allow 
visual determination of the article internal pressures. Test observations for the 
subsequent test (test no. 3) were a s  follows. 

1. After the inner and outer volumes were fjlled with hextlne the model was oriented 
a s  shown in Figure 3-2. 

2. Evaporation commenced immediately at the screen surfaces, which resulted in 
liquid flow from the inner volume to  the outer volume. This flow demand resulted 
in manometer level drop a s  the inner volume pressure decreased. 

3. Once steadpstate conditions were established, bubblepenetration of the 50 x 250 
mesh window screen occurred at about 180 second intervals for flow periods of 
about 7 seconds. 

The manometer level increased during vapor penetration to  reflect increasing 
inner volume pressure. 

4. Figure 3-7 describes the observed liquid head variations with time. Note that 
vapor penetration of the window screen commenced each time that liquid in the 
manometer dropped 11.5 cm (4.53 inches) below the fine mesh screen. Note 
further that vapor penetration ceased each time that liquid in the manometer 
rose t o  within 4.95 cm (1.95 inches) of the inner volume liquid level. 
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Figure 3-7. Manometer Liquid Head Readings During Test 

5. Figure 3-8 describes inner volume ullage pressure, PU, and outer volume liquid 
pressure at the screen, P L ~ .  These pressures are referenced to ambient 
pressure, PA, and are given in terms of window screen bubble point AP, hP,Z, 
which is equivalent to 11.5 cm (4.53 inches) of liquid hexane. 

6. The test was terminated when H1 reached 4.32 cm (1.7 inches). The screen device 
was still performing satisfactorily. Liquid evaporation rates were the same as 
found in tests no. 1 and 2, approximately 0.008 cm3/sec (1.8 in3/hr). 

Sevoral conclusions were drawn from Figure 3-8. Fluid pumping from the outer volurr 3 

to the window is a function of PU - P L ~  as defined in Figure 3-3. This quantity i s  a 
function of the window screen bubble point APog as  shown in Section 3.1. Window 
screen retention capability must be less than the main screen retention capability. 

Based on these initial tests, the analysis presented in Section 3.1 was developed. A 
comprehensive test plan was prepared (Reference 3-4) based on this analysis. The 
operation of the test arCicle was demonstrate+ to NASA/LeRC personnel. After 
presentation to NASA/LeRC, the test plan was approved and the test configurations 
were fabricated. 

3.2.2 APPARATbd FABRICATION AND VAPOR INFLOW TESTING OF SECOND SET 
OF TEST ARTICLES - JUNE-AUGUST, 1977. Five test art ides were fabricated 
according to tho drawings of Figures 3-9 and 3-10. Article oharacteristics are  
tabulated in Table 3-1. A schematic of the test apparatus used i s  shown in Figure 3-11. 
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Figure 3-8. Liquid Internal Pressures During Test 

Table 3-1. Surfaue Tension Deviue Configurations 
C 

(1) Upper Window Window TOP Window Screen Wick- 
Config- Box Length Screen Screen ing Direction in 
uration A ssly - cm (in. ) - Mesh - Mesh Relation to Warp Wire 

I A 
- 1 1.27 (0.50) 50 x 250 165 x 800 Perpendicular I 

I -2 2.54 (1.00) 5 0 x 2 5 0  165x800 Perpendicular I 
I -3 5.08 (2.00) 50 x 250 165 x 800 Perpendicular I 
I -4 5. 08 (2.00) 50 x 260 165 x 800 Parallel 

E -5 1.27 (0.50) 165 x 800 200 x 1400 Perpendicular 

F - 6 2.54 (1.0) 166 x 800 200 x 1400 Perpendicular 

(1) Only one tower box will be required. The bottom screen will be 200 x 1400 mesh. 
* 
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The test plan of Reference 3-4 describes the test conditions planned for evaluattng 
screen dryott under heating conditions and determination of K U  under zero heat flux 
condttions. 

3.2.2.1 Teat Apparatus. In order t o  achievo near uniform evaporation at the window 
screen a bell jar i s  ured t o  contain the test article and a vacuum is pumped on the 
bell jar atmosphere at controlled flow rates. The flow rates and pressures can be 
used to compute equivalent incident heat flux conditions to the screen surface based 
on test fluid vapor pressure, The test article assembly consists of an upper box and 
a lower box which a re  joined together at the inlets and outlets by tubing. Each box 
i s  constructed of Lexnn and metallic Dutch weave screen. Details of the upper box 
are  glven in Figure 3-9. The six configurations of Table 3-1 a re  identical in every 
respect except for the top screen and window screen mesh and window screen length. 

A single lower box configuration common to all  upper boxes was assembled according 
to  the details of Figure 3-10. The box is conetructed of plexiglas with 200 k 1400 
mesh screen w e r  the bottom port. 

3.2.2.2 Instrumentation. The liquid heads (Hi and HQ) were determined by visual 
observation and were measured from the top plane of the upper box to  the respective 
levels in the sight tube and manometer. An etched scale was included in the 
apparatus for each liquid head measurement, 

The test setup incorporated two methods of measuring liquid evaporation. One 
method used a Flow Technology Ornniflo turbine flow transducer. This type of transducer 
features interchangeable orifices which allows use of the same transducer for up to  six 
over-lapping flow ranges, For the teats using hexane and Freon a s  the test fluids, the 
range of evaporation rates was expected to  vary beween 0.01 and 0.10 ACFM (actual 
cubic feet per minute). Two transducer orifice sizes were selected; one for the 0.01 
to 0.05 ACFM range and one for the 0.05 t o  0.10 range. 

The flow transducer installation used i s  shown in Figure 3-11. In order to avoid problems 
associated with saturated vapor flow rate measurement, gas temwrature could be 
increased by passing it through a hot water heat exchanger a s  illustrated in the test 
schematic. The water temperature could be maintained at approximately 100F. The 
flow transducer output was monitored on a Flow Technology hldL PRl-102 Flow Rate 
Indicator and also recorded on an oscillographic recorder. The downstream temperature 
and pressurG was also oscillographically recorded for flow correction to volume @Cmf) 
o r  mass flow units. Because most tests were rud without using the vacuum pumps, thifi 
measurement method was limited in use and thc method below became the primary method. 

The primary mothod for  determining evaporation rato at  the screens was  by measuring 
the inner volume liquid level. Referring to Figuro 3-11, bcth the inner volumeof the 
upper box and the sight tube were calibrated such that mass o r  volume can be determined 
directly from innor volume liquid levels. By noting time intorvalfi between level measure- 
ments avcrugc mass evaporation rates were known for specified intervals during the tost. 

3-16 



i 

The bell jar ohamber pressure was monitored using a Sfrtham 
pressure transducer. This pressure and the flowmeter outre& 
graphically recorded. 

strain gage type abeolute 
pressure were oecillo- 

Chromel/Constantan thermooouples were used to monitor temperatures in the test 
article as shown in Figure 3-9. Humidifier reservoir and bell jar atmosphere 
temperature were also measured. 

3.2.2.3 Test Procedure. The oonfiguratione shown in Table 3-1 were tested. A large 
matrix of tests were planned as documented in Reference 3-4. Only a small fraction of 
these tests were actually run as a result of difficultiee with repeating the data. Zero 
heat flux tests were planned to be run by manually increasing ths separation distance 
between filled Imxes to as much as 25.4 cm (10 in) until vapor breakthrough at the upper 
box window occurs. The test specimcme were then to be reassembled with rigid glasa 
tubes, fliled with test fluid and tested in the bell jar using the vacuum pump, Liquid 
head data was to be recorded until loss of retention at the lower box screen. 

The testing actually proceeded ae described in the followtng narrative. As~embly of all 
seven boxes was completed and leaks repaired as required. Two of the boxes (the lower 
box and upper box no. 4 from Table 3-1) are shown in Figure 3- 12. The two boxes 
mounted in the test setup are shown in Figure 3-13. The overall tast setup is shown in 
Figure S-14. 

Initial vapor inflow checkout runs were made with ebhanal, hexane and Freon TF using 
several of the boxes listed in Table 3-1. These runs iiiustrated that the concepl funct- 
ioned in a reasonable manner, but the results differend from those obtained in the initial 
tests (see Section 3.2.1). Preesure recovery within the window area wall much less 
than previously experienced. Figure 3-15 shows results obtainzd with the small box 
used in initial testing and the results obtained in this second series of testa. The 
difference in results is believed to be partially due to the greater screen deflection with 
the boxes described in Figure 3-9 and 3-10. 

To compare these results with those obtained in the initial test series, the small article 
tested in the initial te A serles was returned by NASA/LeRC. The article had been 
damaged and repaired at NASA/L~RC. The window screen as received at General 
Dynamics Convair was clogged and was replaced with new 50 x 250 screen. A series 
of te& were run with both tschnical grrrde and rerrgent grade hexane. Screens wero 
cleaned and tested. A set of tests waa also conducted with both a new top screen 
(154 7: 800) and window screen (50 x 250). Results indicated that original observations 
could be duplicated but pressure fluctuations and screen breakdowr, were erratic. This 
was felt to he caused by the sensitivity of the rewetting process to the apace for wicking 
between the window screen and the tap screen. This spacing can change during a test 
due to pressure fluctustions and heating variations. The spacing also changes between 
test articles due to the difficulty in exactly ropeatiag the soreen geometry during 
attachment, 









RESULTS OBTAINED IN MITlAL TEST SERIES 
7.63 cm (3 In) Y 7.62 cm (3 la) BOX 

WSULTS OBTAWED FROM SECOND SET OF  ARTICLE8 
12.70 cm (6 In) x 12.70 cm (6 In) BOX 

.\k 
?- 
H f ( ~ r  - 

H 3 m ~  - \b-. 
A T  BREAKDOWN: H1Cr!H3~l~4x 2 0. I 

Figure 3-15. Vapor Inflow Test Results 

Tests were then run using top boxes nos. 2 and 3 with the lower box (similar to those 
shown in Table 3-1 and Figures 3-9 and 3-10). The top boxes had 165 x 800 main 
screen and 50 x 250 window screen. The lower box had 200 x 1400 mesh screen. Runs 
were made using hexane with either small o r  large tubing connecting the upper and 
lower boxes a s  shown in Figure 3-16. A total of 17 test runs were made. A l l  runs 
were made with the boxes exposed to ambient conditions. 

Several observations were immediately evident from the runs; cori . ;Ltion of water on 
the apparatus affected test results (results were improved with incr, aed condensation). 
This is probably due to the water reducing heat input. Fewer pressure cycles were 
obtained per  test using the small tubing compared to  using the large tubing between 
boxes. This i s  because of the increased volume in the window section using large tubing. 
Resealing of uppc: box no. 3 waE less  rapid than the box no. 2 tests. This i s  because 
the window length for box no. 3 is 5.08 cm (2.0 in) compared to  a length of 2.54 cm 
(1.0 in) for box no. 2. Additionally, tests run with both technical grade and reagent 
gradt: hexane gave similar results. This indicated that technical grade was sufAciently 
pure for testing purposes. 



i 5.1m (2 in.) 
O.D. TUB 

A) SMALL W M W W  VOLUME B) LARGER W I m W  VOLUME 

(MANOMETER PORT AND PORTS CONNECTINO MAIN SCREEN T O  BOTTOM BOX ARE NOT SHOWN.) 

BOXES A R E  LEXAN WITH STAINLESS STEEL 50 x 250 MESH WINMlW SCREEN)165 x 800 MESH 
.SCREEN FOR M E  REMAINDER O F  THE UPPER BOX AND 100 x 1400 MESH SCREEN FOR THE 
LOWER BOX. 

Figure 3-16. Large Box Test Configurations 

The data obtained was reduced and compared to the analytical model presented in Section 
3.1. Evaluation of the data centered on solving Equations 3-11 and 3-19 for the quantities 
Fa and KU. Data was reduced t c  determine H1cr, Hsmax and Hgmin for each run and is 
presented in Table 3-2. Considerable variation was found in HQ,, - H Q ~ ~ ~  for a given 
run. (In runs made Tn the initial test series,  H Q ~ ~  - H Q ~ ~ ~  was found to be fairly 
constant). Values of H l c r  did not approach the value anticipated based on Task II: testing. 
(H1cr was generally in the 1.5 to 2 cm range where it had been projected to  exceed 4.3 cm). 

Examining the test data and test procedures used, several possible explanations were 
found for the anomalous results. The variation in H Q ~ ~  - H Q ~ ~ ~  during a run was 
likely due to environmental conditions such a s  changes in heat flux, water condensation 
and fluid temperature. This could be eliminated using the bell jar and other environ- 
mental controls such a s  outlined previously and shown in Figure 3-11. The observation 
that H i  did not reach its full value with the larger boxes was possibly due to changes in 
internal pressure differential causing wicking potential to  decreasa. The lower 
pressure differential across the screens causes screen spacing to increase when Hgmin 
occurs. This resulted in a longer wicking distance and lower driving pressure for 
wicking. The recommended solution to  this problem was to  systematically spot weld the 
window screen to  the main screen in the region of overlap and wicking. 

The larger boxes 12.7 cm x 12.7 cm (5 in x 5 in) exhibited considerable screen 
deflection. Volume under the window was small, allowing only a few vapor break- 
through cycles to occur before HI reached i ts  critical value. In the third test series 
wicking variations were controlled by controlling screen deflections, screen spacing 
variations and wicking length. Environmental conditions such a s  temperature, 
humidity (water), test  fluid partial pressure, vapor velocity around the boxes and test 
fluid purity were controlled by using a bell jar, heaters and other equipment described 
in Figure 3-11. The test fluid was filtered prior to  use. 



Table 3-2. Summary of Runs Made During Later Portion of Second 
Test Series 

Original Box 

Box No. 2 
Large Tubing 

BOJ: No. 2 
Small Tubing 

Box No. 3 
Small Tubing 

Box No. 3 
Large Tubing 

3.2.3 VAPOR INFLOW TESTING - THIRD TEST SERIES, AUGUST 1977 T O  OCTOBER 
1977. A new test article was fabricated to the configuration shown in Figure 3-17. 
While these articles were being fabricated tests were run with the box used in the 
initial testing to  illustrate the effect of the bell jar on controlling test conditions. The 
test article was filled with hexane, mounted on the test stand and covered with the bell 
jar. Four test runs were made. Cycling time was significantly longer for runs within 
the bell jar than with ambient runs, increasing up to 15 minutes per cycle as  the bell 
jar becam? saturated with hexane. 

Vacuum pumping of the bell jar was used to  increase the heat fiux to the screen surfaces. 
Rapid pressure decay produced bulk boiling under the main screen. Pumping down 
caused the pressure within the box to be above the pressure in the bell jar. The place- 
ment of tlic top of the manometer below the level of t5e top of the box was used t o  relieve 

3-23 



HEATING ELENENT 

SECTION A-A 

165x800 ?VIAIN SCREEN 

TYPICAL SPOT WELD 
BETWEEN MAIN SCREEN 
:WD WMWW SCREEN 

Figure 3-17. Box Design to Limit Deflection and Control Screen Spacing 

the box internal pressure by overflowing from the manometer. Reducing the pressure 
slowly to 68.9 k ~ / m 2  (10 psi) allowed rtms t o  be made at an increased heat flux without 
causing bulk boiling in the main chamber. Data was fairly consistent at this pressure,  
however,H3 minimum was below the level of the bottom of the box. (This caused spilling 
from the box). The tests indicated that the bell jar was satisfactory in controlling 
environmental conditions and that increased heat fluxes could be obtained by vacuum 
pumping, however,careful control of system pressures is required to obtain acceptable 
data for simulated heating conditions. 

The new box configuration for the third test series,shown in Figures 3-17 and 3-18, 
was fabricated and tested using hexane under ambient conditions md in the bell jar 
under both atmospheric pressure and reduced pressure conditions. Atmospheric 
pressure data was more consistent than data obtained in the second test series. Mgmin 
stayed above 7.62 cm (3 in) until H1 fell below 1 .91  cm (0.75 in). (Since the box i s  
7.62 cm (3 in) high, dripping from the 200 x 1400 screen occurred if Hgmin was less  
than 7.62  cm (3 in).) Subsequent tests showed the window screen remained w e t t e ~  
until the outer and inner compartments were almost completely empty. This box had 
a 2.54 cm window length. 





Pump down testa were run at low pump down rates at pressures ranging from 101 
kN/m2 (14.7 psia) to 55 kN/m2 (8 psia). During all runs, vapor appeared ilnder the 
main screen when the pressure was reduced below 90 kN/m2 (13 psia). Some vapor 
may have been attributable to dissolved a i r  coming out of solution, and some may have 
formed by bulk boiling. 

Based on the favorable results &bed wl# np b&, twp additional boxes with 
window lengths of 1.27 cm (0.5 ir,) and 3.81 cm (1.5 in)'were fabricated using an 
ethanol compatible adhesive. Testing was performed using ethanol, Freon and hexane. 

3.2.4 VAPOR INFLOW TESTING - FOURTH TEST SERIES, DECEMBER 1977. TWO 
additional boxes were fabricated similar to the configuration shown in Figure 3-17. 
The three configurations tested in the fourth test series are summarized in Table 3-3. 
Tests were run using hexane, ethanol and Freon-'I'F. 

Table 3-3. Vapor Inflow Test Configurations - Fourth Test Series 

Data was obtained using the bell jar for tests run without heating and for those tests run 
using a 150 watt lamp for heating tile top screen. One test was run using a blow dryer 
for convective heating without the bell jar. A l l  tests run with an external heat input 
resulted in fluid dripping out of the bottom screen o r  complete screen breakdowr. A s  
described in the third test series, dripping of fluid out of the bottom screen will occur 
if the pressure at the box bottom exceeds the ambient pressure at vapor breakthrough. 
A chronological summary of the tests run during the fourth test series i s  shown in 
Table 3-4. 

Config. 

I 

3.2.5 VAPOR INFL CIW TESTING - FIFTH TEST SERIES, FEBRUARY 1978. Boxes 
no. 1 and no. 111 were altered in preparation for  additional testing. The screeno of box 
no. IiI (see Table 3-3)were replaced with 200 x 1400 ~ i n d o w  screen, 250 x 1400 main 
screen and 325 x 2300 bottom screen. (These screens are similar to those typically 
used for start basket ground testing.) For box no. I, an attempt was made to restrict 
wicking to the window length (from the window/main screen overlap towards the front 
of the box) by eliminating other sources of wicking. A pair of Teflon strips were 
treated and bonded along the main screen/ window screen as shown in Figure 3-19. 

'2 series of tests were run with the new boxes. The boxes are designated as  shown 
in Tabk 3-5. 
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Window Length 
cm (in) 

1.27 (0.5) 

Window Screen 
Mesh 

50 x 250 

Main Screen 
Mesh 

165 x 800 

Bottom Screen 
Mesh 

200 x 1400 
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Figure 3-19. Box Design 

7 

165 x 80- 
MAIN SCREEN 

to Control Direction of Wicking 
(Box No, N) 

Initiaily box no. V was run with Free;; I E '  in the bell jar under ambient heat flux 
conditions. The general observation for the six runs made was that only one full cycle 
down to the window screen bubble ~?oint of 24 cm (9.4 in) could be obtained. Vapor 
9reakthrouyh and pressure recwery was not rcproducible. Twice the pressure hovered 
at 1 F1 cni (ti. 3 in) before large amounts of vapor broke through. In all cases there was 
an intem&ia~,: cycle from close to the top of the mx to  about 6. G crn (2. G in), the3 
bot5 the wit:tlow a d  main screen dried out, 

Jhx no. i' *:a2 :if uo tested with hexane, S!nce the 200 x 1400 wtudow screen could hold 
morv than 50 c r 1  ot' hcnd, the bsll far was too small to cnntain the apparatus during 
these t2st.s. The stnglt; ;cst r::n wss therefore accomplished In aniLient air. For this 
test, thu ''Irst cycle vent down to a!r fis,,, of 57 c n  (22.3 illj with cycling then occurring 
over a narrow :.m,re betw-er! 50 cm (19.5 in) and 57 cm (22.25 In). The first cycle look 
25 minutes. ;~;;hseqimt *sy~!ing between the  level^ noted occurred for more than half an 
hour until H1 vrali greater than 3.3 cm (1.3 in). At Hi = 4.1 cm (1.6 in) the pressure 
(HQ) was down to 11.7 cm (4.6 in). Breakdown occurred at an Hi  level greater than 4.1 
cm (1.6 in). 

A series of tests was then run using box no. IV with Teflon "dams" installed a s  shown in 
Figure 3-19, using hexane in the bell jar under ambient heat flux conditions. Two tes ts  
were run to breakdcnvn. For  the first test, which lasted four days, complete breakdown 
occurred at Hi  (the level 111 the window area below the top of the box) = 4.1 cm (1.6 in). 
Dripping commenced when H 1  was approximately 2.3 cm (0.9 in). For the second 
complete run (which ran eight days) screen breakdown occurred when Hl was 3.0 cm 
( 1  2 i n )  Drtpplng ocourred when H1 was below 1.27 cm (0.5 in). 



Several tests were run with box no. XI i s  vreplration for heat flux testing with hexane. 
Box no. 2 i s  the box with the 50 x 250 window screen, 165 x 800 main screen and 2.54 
CTI (1 in) window length. A teat was run in the bell jar under ambient conditions. 
Cycllng without dripping occurred until H 1  was below 3.7 cm (1.45 in). Breakdown 
occurred at M 1  below 3.9 cm (1.55 in). (B~eakdown bvel  occurred during the evening 
and was not observed. ) Tests were then run with a vortex tube, using the hot side a i r  
to heat the screen. Ambient temperature was 298K. Hot side vortex tube temperature 
was in excess of 333K. The voAex tube was attached t o  a ring stand directly over 
the soreen. Tests were conducted in ambfent a i r  under a vented hood. Temperature 
just above the surface of the screen was measured with a thermometer. Two tests 
were conducted with the vortex tube. The first test started with the hot end of the vortex 
tube approximately 2.54 cm (1 in) above the screen. (The outlet of the tube hot side was 
a 2.54 cm (1 in) A N  elbow. ) After ten minutes, with the H1 at 1.8 cm (0.7 in) and 
cycling occurring between 7.1 cm (2.8 in) and 8.1 cm (3.2 in), the vc .'ex tube outlet 
was moved up to  7. G cm (3 in) away from the surface of the screen. femperature of 
the impinging gas above the screen surface was 311K. After 5 minutes, with rapid 
cycling continuing between 7.1 cm (2.8 in) and 8.1 cm (3.2 in), the vortex tube was 
moved up to 2.54 cm (1 in) above the screen with H1 - 2.3 cm (0.9 in ) .  Ambient 
temperature at the screen was 61C. Cycling continiied between the same limits for 
about 2 minutes, then cycling occurred between 6. G cm (2.6 in) and 7.1 cnl (2.8 in) 
for 7 minutes from t = 18 minutes until t = 25 minutes. At t = 25 minutes, I l l  was 
5.3cm (2.1 in). Cycling continued with HQ hovering aroucd 7. f; cm (3 in) a s  the entire 
window area drained. Vapor could then enter the main compartment. Window screen 
dryout occurred with the liquid level a feu tenths of an inch below the top of the main 
compartment. 

Anol5er run was mad."; ~ 4 t h  hexme and :.he vortex rube with box no. V. The run was 
continued until the winkw acret2n dried out. 'Rvo cycles were run under ambient 
sonditinns. 'The .,ortcx tube was then 1~1aced 2.54 cm (1 in) above the window area. 
ILpid cycling occurred during the test with I;:!  h h ~ g  as Iciw a s  5.6 cm (2.2 in). 
Generally, however, performance was similar to that ot the p!wlous t e ~ t  with the 
window area draining co:;qAetely without breakdcwn and liquid ie-:cI mder the main 
screen dropping to below 1.0 om (0.4 in) of the batom of the box wit?wut brexkdown. 

This concluded the v a p v  infiow testing perfo~rned under this contract. 

3.3 INALYTICAL MODEL CORRELATION 

Test results obtainar! it1 the five teat ser ies  were examined, reduced and compared 
to the analytical mbdela presented ht Sect!cw 3.1. Unfortunately,for this data analybis 
no quantitative data was available t o  evaluate K u  o r  Fo for the first test series and the 
early runs of the sacond t e ~ t  series. Date from test ser ies  2, 3, 4 5 rras avail- 
able for analysis and correlation. Evaluation of the data centered on sulving Rqwtions 
3-11 and 3-19 for the quantities Fa and KU. Data evaluation psciorr~ml for the second 
test ser ies  has already been presented in Table 3-2, Similar data reductior~ was 
performed fo r  test ser ies  3, 4 and 5 and is prevented in Table 3-6. 
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Each line of Table 3-6 represents the results of a number of runs, as shown in Column 
7. For each run, many cycles were run and F, was determined for each cycle and 
averaged to produce an average value of F, for that run. The data from each run was 
then taken and grouped with other similar runs in that series. For example, with box 
no. I1 using hexane and 50 x 250 windcw screen under ambient conditions in tes t  ser! es 
No. 3, six runs were made. The data shown in the table represents the minimum, 
maximum an? nominal values of F, and KU for these six runs. 

A set of runs was made with a heat lamp for heating the screen in ser ies  no. 4 with 
box no. I in the bell jar. In series no. 5 a vortex tube was used to  heat the screen 
directly. 

Inspection of the data shows that F, and KU vary significantly. There does not appear 
t o  be any correlation between window length and Fg o r  Ku. For  example, for bell jar 
runs made with hexane and 50 x 250 window screen, for the 1.2? cm window, 9, = 
0.35; for the 2.54 cm window, Fo = 0.34; and for  the 3.05 cm window, F, = 0.39. 
For  the ambient runs, however, Fo was 0.38, 0.21 and 0.45 for the 1.27, 2.54 and 
3.05 cm window lengths respectively. 

Using Freon a s  the test flv:,, higher values of KU and Fo were abtained for the 200 z 

1400 screen @ox no. V) thin _F ,L the 50 x 250 screen (box no. m). Results with 50 x 
250 screen were consistent from box no. I t o  box no. 111. Tests with 50 x 250 screen 
were not run in a bell jar because breakdo-m occurred too q. ickly for the boxes to be 
placed in a bell jar. These results a r e  therefore not directly comparable because 
the 200 x 1400 screen/Freon tests were run in a bell jar. 

The results shown in Table 3-6 give a general range of Fa and Ku  that can 3e used fo: 
preli ninaq- de ;gn purposes. Because of the lack of clear trends, this infurmation 
should be used conservatively. 

Heat flux was applied to box no. I using a 150 watt spotlight with the box in the bell jar. 
Calculations indicated that a heat flux of approximately 0.02 watt/cm2 was incident on 
the screen surfaces. Wicking calculations showed that ths main screen wicking 
capability was less than 0.01 watt/cm2 and the window screen capability was greater 
than 1 watt/cm2. Theory would indicate that the box should remain wetted and 
function properly. In fact, the window screen dried out shortly after the lamp was 
turned on. This may have been due to radiant heat transfer directly ir?to the sides of 
the transparent box causing vapor to form in the box at screen/box intersections o r  in 
othelb areas that would cause precipitous failure. 

Heat flvu runs were made with box no, I1 in test ser ies  no. 5 using a vortex tube. The 
vortex tube flowed warm a i r  at 333K directly onto the screen surface. Heat flu 
incident on the screen averaged 0.07 watt/cm2 and peaked at 0.39 watt/cm2. Pressure 
cycling of the box occurred on a regular basis with no apparent degradation due t o  heat 
flux. In two runs, draining of t h e  entire window volume was possible before the window 
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screen dried out. The wickfng capability of the window screen was equivalent to 64 
watt/cm2. 

The nonrepeatability of the data a s  well ae the importance of understanding vapor inflow 
for start basket thermal conditioning require that more work be done in this area. 
Work done under the present contract has produced some test results that appear 
encouraging for future e f f ~ r t s  in this area. Better control should be sought in 
providing cleanliness of the apparatus and test fluid, controlling screen geometry, and 
controlling environmmtal variables such a s  temperature and humidity. A description 
of recommended acdon i s  presented in Section 3.4. 

3.3.1 CENTAlJR D-1s CAPILLARY DEVICE THERMAL CONDITIONING. Thermal 
conditioning calculations were performed to  determine whether the window screen on 
the LO2 and LH2 basket would dry out when subjected to heating. Calculations were 
made to determine the values of the parameters, F,, H ~ ~ ~ / H ~ ~ ~  and K u  (defined in 
Section 3.1) that would be required t o  permit the .  rindow screen to  function properly 
over the entire set of mission conditions. Values of F, were determined by calculating 
the heat flux interception capability of wicks in low gravity using the equations formulated 
for screens in Table 2-2 of Reference 3-2. Screen properties were obtained from 
Reference 3-3. The maximum wicking distance for the standpipe windows was taken 
t o  be the standpipe height plus one half the standpipe diameter. For  the LO2 start  basket, 
standpipe height i s  5.52 cm (2.17 in) and standpipe diameter is 2.10 cm (0.828 in). For 
the LH2 start  basket, standpipe height i s  10.98 cm (4.32 in) and standpipe diameter 
i s  4.14 cm (1.63 in). Heat flux incident on the standpipe region was obtained from 
Table 2-1 of Reference 3-2. The n~aximum heat flux interception requirement was 
4.41 watts/m2 (1.4 Btu/hr ft2) for LO2 and 2.52 watts/m2 (0.8 Btu/hr ft2) for  LH2. 
Required values of Fo were found from 

Fo = 
Q/~incident - 

Q'*wicking capability 

For the LO2 standpipe the worst case Fo was found to be a maximum of 0.0076. For 
the LH2 standpipe the worst case F, was found to  be a maximum of 0.058. Both these 
values a r s  well below the majority of F,'s found in Table 3-6. 

The critical height at which breakdown could occur was evaluated by determining the 
maximum vaF Ir volume that could be generated by incident heating to  the start  basket. 
Calc:.lat;ons were performed for the period between the first and second burns of the 
two burn synchronous equatorial mission. Maximum liquid volume expended was 0.15 
rn j  (5.37 ft3) for LH2 and 9.36 x 10-4 m3 (0,026 ft3) for LO2. The vapor volume was 
converted into a liquid level below the top of the standpipe. H lc r  must be at least a s  
great a s  this helg.it. For LH2, H lc r  was 13.5 cm (5.3 in) and H1cr/Hsmax was 
0.0022 where Hsm, is the height of liquid that can be supported by swface tension. 
Similarly, for L02, H lc r  was 7.32 cm (2.88 in) and H ~ ~ ~ / H ~ ~ ~ ~  was 0.00149. Using 



Equation 3-20 values of Ku were determined t o  be a minimum of 0.92 for LH2 and 
0.991 for LOp In order for the H1cr/Hsmax requirements to  be satisfied, at the F3 
values given above, KU values must be less  than these quantities. Only one value out o r  
30 rims had a Ku greater than that required to make the window screen operate properly. 

Based on these calculations, the window screens should be capable of remaining wet 
during the complete set of mission conditions. The main screen multiple barr iers  
should perform successfully based on the testing reported in Reference 3-2. 

3.3.2 CONCLUSIONS. The data presented in Table 3-6 can be used a s  a rough estimate 
t o  find the limits of the thermal conditioning capability of a given configuration. For  
detailed thermal conditioning design data, additional experimental work will be required. 
This work i s  described in Section 3.4. 

3.4 VAPOR INFLOW TESTING RECOMMENDATIONS 

A s  described in previous sections, difficulties in obtaining repeatable data were 
experienced during the vapor inflow testing. Because of funding limitations many 
of these difficulties could not be overcome within the scope of this contract. The 
following pages describe the recommended experimental program to be implemented 
in order to resolve the operating characleristics of screen window configurations 
required for allowing vapor t o  pass into a cryogenic capillary device subjected to 
incident heating. The specific problems uncovered during testing a r e  listed in Table 
3-7 along with their proposed solution. 

The general plan recommended is to ,separately evaluate wicking of screens fed by 
overlapping screens and vapor flow across wetted screens. Following these tests an 
overall test of the window concept is recoil.mended, with an objective similar to that 
of thc testing described in Section 3.2. A l l  tests should be conducted with a controlled 
environment, minimized handling during filling ani testing, and automatic recording 
of data. 

The basic chamber to be used i s  shown schematically in Figure 3-20. This will be 
used for all three types of tests: wicking across an overlap joint, and vapor flow across 
wettcd screens with both ,mall specimens and with a simulated capillary device and 
configuration. The chamber incorporates t.he recommendations of Table 3-7. Visual 
data will only be required during wicking tests. 

Wicking across an overlap screen joint will be studied first. Fabrication of overlap 
joints that produce high wicking rates that a r e  repeatable from test to test will be 
studied. Primary configurations will be spot welded screen sandwiches. Use of 
spacers and perforated plates will also be considered. The overlap joints will be 
tested using techniques developed in References 3-2 and 3-3. The wick will be 
stretched across knife edges wilh the innermost sediorl of the overlap immersed in 
the test fluid in the chamber shown in Figure 3-20. For each specimen, wicking 
results with the overlap joint will be compared to  that of screen alone in order to obtain 
a measure of the fraction of wicking that i s  still available with the overk? !~int.  



Table 3-7. Vapor Inflcw Test Improvements 

Problem 

h s i c  evaluation of the apeclflc m e c b -  
Isms involved in aucceaeful operation 
of the window configuration have not been 
separately evaluated. 

Apparatus is mwed during each teat in 
order to fill and mount the teat article. 
Filling and mountlng a n  t h e  consuming, 
nonrepeatable due to the uncontrolled 
environment. Operations during filling 
are hazardous. 

Limited measurements were made due 
to time restrictions and paucity of 
instrumentation. 

Heat flux to the screen was difficult to 
quantify. 

Net heat flu (or evaporation) varies as 
liquid is boiled off nnd saturates 
environment. 

Temperature variations will cause 
changes In propem values that 
could affect results. 

Cleanliness of apparatus and measuring 
tools was not carefully maintained. 

Water condenses on the screen surface 
from the atmosphere during handling. 
No control was malntabed on the 
humidity (1120) of t!.? atmosphere 
around the test s p e - h m .  

Test fluid purit! is not controlled and 
could contribute to poor repeatabillty 
of results. 

Cont-01 h e  geometry more practsdy 
than can be done wlth glue joints 
betwee3 screens and eupport. 

Control the wicking from the wlndow 
screen to the main screen transverse 
to the desired wicking path. 

Control spaclng between the screens in 
the window/main scxeen overlap area. 

Solution - 
A m l y u  each speclflc mechanism (e. g., screen wicklng from overlap 
r c m m  johtr, md vapor flow acmes a wetted barrier) separately by 
developing a model for each mechaniem and testing it separately after 
determining the hdivldual rnalytical relationships 

Remotely fill the test article that is mounted in the test chamber. Use 
vabes and UD(P to controi filling. ventlng. etc. Use an enclosed test 
chamber to control environment. 

Monltor and record all siplflcant variables to determinp the significance 
of all events tbpt c d d  have an effect on performance. Monitor temperatures 
in dl areas where heating is o c c u ~ g .  (particularly in the heater area). 
Monitor pressures in signifisant areas. Pressure measurements will be 
sensitive enougb to detect pressure changes of 0.05" of test fluid head. 
Monitor liquid .evels (of wiodow and main screen volumes) versus time. 

Apply beat flux directly using guarded heaters. Perhaps use screen as 
the heater element o r  use an overlay type neater with holes for venting 
and !mulation on the top and side, protecting the box from heating away 
from the screen and concentrating all the heat to the screen. 

Maintaln atmosphere partial pressure by venting the container enclosing 
the apparatus over a narrow pressure band (perhaps use the baratron or 
barastat). 

Control the temperature of the apparatus by using thermocouplrs and 
and heaters or coolers (air conditioning). Run tests in an air conditioned 
room. 

C l m  the screen and other portions of the apparatus and the instrumentation 
carefully before the tests and preceding each test after the apparatus has 
been disassembled. 

Control the atmosphere using boiled off LN,, bubbled through test fluid 
through fltthgs into the transparent test e&losure. 

Use clesn test fluid on an open loop baeis or use filtration and purification 
processes to allow reuae of fluld. (If necessary, use reagent grade fluid,. 

Consider an all welded configuration for controlling spacing. mlnlmizhg 
gewetr ic  variations and preventing leakage. (If a transparent apparatw 
is  desired some glue joints will be required between the supports mind 
the trnnsparent material). 

Use nonwettbg str'ps such as Teflon to prevent wickinp from other than 
the destred directlon. 

Use spot welding to join materials. Conduct separate fabrication evaluation 
to determine the optimum welding pattern and spechen overlap 
confi ynr t im.  
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Figure 3-20. Schematic of Basic Test Chamber 

Vapor flow across wetted screens would be tested in the basic chamber with the 
apparatus shown in Figure3-21. The circular screen i s  wetted from an annular 
reservoir. Pressure will be cc.1trolled independently on both sides of the screen. 
A typical test run would reduce pressure in one of the chambers until vapor broke 
through the screen from the higher pressure chamber. The mechanics of rewetting 
the screen would be studied by manipulating the pressures in each chamber. Many 
screens should be tested with at least two test fluids. The apparatus would function 
a s  follows. The bottom box i s  the low pressure side of the apparatus and i s  held at 
constant pressure with a relief valve. The high pressure side would have a regulator 
that could be adjusted to  regulate to  a pressure above the bottom box pressure. The 
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Figure 3-21. Schematic of Test Article for  Vapor Flow Across Wetted Screens 
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pressure in the upper chamber would be raised to exceed the bubble point AP across 
the screen. Flow across the screen would be noted by flow across the relief valve. 
Pressure in both chambers will be carefully measured. Pressure will then be reduced 
to a lowr r level until the screen reseals and flow is stopped. Cycles will be repeated 
to assure reliability. Other variables will be steady state flow rate across the screen 
and time at this flow rate. Analysis should be performed, prior to testing, to predict 
the wetting capability of the screen subjected to  vapor flow. This analysis will be used 
to  correlate tost results. 

Combine fabrication and test information to  design an apparatus to test vapor flow 
across a window of coarser screen within a main screen surface. The configuration 
may be similar to that used in the test articles dewibed  in Section 3.2. Changes 
that appear possible will be barriers to wicking between the window and maln screen 
transverse to the wicking path being measured. The use of larger specimens more 
closely approximating a real configuration is made possible by the automatic recording 
of data making the resulting long test luns more feasible. Tests would be run with several 
screens and test fluids. An analytical model, combining the basic theory developed in 
Section 3.1 with the correlated models for screen wicking with an overlap joint and vapor 
flow across a wetted screen, will be compared to the test data. The result of the total 
test program will be information that can be used for design of capillary devices for 
propulsion stages. 



FEED SYSTEM COMPARISONS 

Feed system alternatives were developed for pressure fed engines and combinations of 
feed system components in order to determine the optimum propellant feed system for 
the Centaur D-IS. Comparisons were made between propellant settling and capillary 
acquisition, thermal subcooling and pressutization for boost pump NPSY (net positive 
suction pressure), boost pumps, thermal subcooling and pressurization for turbopump 
NPSP, uncooled and cooled propellant ducts, and pumping coolant back into the lank o r  
dumping coolant overboard. Capillary device designs used for the Centaur D-1S 
reflect the refilling and vapor inflow analysis described in Sections 2 and 3. 

Comparisons were made on the basis of payload penalty, hardware weight, reliability, 
electrical power consumption and mission profile flexibility. The cornparisom were 
made for three engine candidates: (1) the existing RL10A-3-3, and two lower NPSP 
alternatives, (2) the RL10A-3-3A and (3) the RLlO Category 1. Characteris5ics for 
these two advanced engines are  described in Reference 4-1. Three missior ,~ were 
considered for each engine candidate: (1) a one-burn planetary mission, (2) a two-burn 
synchronous equatorial mission, and (3) a five-burn low earth orbit missim (Tables 
1-1, 1-2 and 1-3, respectively). A total of ten feed system concepts were conlpared 
for each of the three engines and three missions. 

4.1 SELECTION OF FEED SYSTEM ALTERNATIVES 

In order to  select the most promising feed system alternatives for. comparison, a matrix 
of system candidates was constructed by selecting an alternative from each of the 
following subsystems or  operations. 

A. Acquisition 

B. Boost Pump NPSP 

C. Turbopump NPSP 

D. Propellant Duct Cooling 

1. Propellant Settling 
2. CapillcAy Device 

1. Boost Pump Pressurization 
2. Boost Pump Thermal Subcooling 
3. No Boost Pump 

1. Boost Pump 
2. Thermal Subcooler 
3. Pressurization 

1. Uncooled 
2. Cooled 



E. Coolant Handling 1. No Coolant Required 
2. Coolant Pumped Back Into the Tank 
3. Coolant Dumped Overboard 

Selecting all the possible combinations produced 108 alternatives. Infeasible combina- 
tions were then identified. For example, boost pumps cannot be used with cooled 
propellant duct,a because boost pump cooling i s  impractical. Pressurization and 
capillary acquisition were shown to be infeasible in NAS3-17802, Other incompatibilities 
a r e  turbopump subcooler o r  pressurization with a boost pump; no coolant required and 
a cooled feedline, turbopump thermal subcooler, o r  boost pump thermal subcooler; 
turbopump NPSP from a boost pump and no boost pump; coolant pumped o r  coolant 
dumped with uncooled duct and a pressure fed system; no cooling required with coolant 
pumped o r  dumped; and coolant pumped o r  dumped with no subcoolers o r  cooled duct. 
Candidates using cooled propellant ducts and not having capillary devices a r e  also 
infeasible because liquid could not positively be contained within the duct o r  supplied 
for cooling the propellant duct without a capillary device. 

The screening process resulted in twelve combinations that were feasible. These a re  
listed in Table 4-1. Candidates selected for additional analyses a r e  circled, The reasons 
for selecting these ten concepts a r e  described in the following paragraph;, Comparisons 
performed on previous studies (NAS3-17802 and NAS3-19693) have shown that boost pump 
thermal subcoolers have weight advantages compared to boost pump pressurization, 
pumping cooling fluid back into the tank i s  advantageous over dumping fluid overboard, 
boost pumps are  lighter than turbopump thermal subcooling and uncooled propellant ducts 
a r e  lower in weight penalty than cooled propellant duds. These comparisons were used 
a s  guidelines in seleccing the feed system alternatives to  consider. Several key 
comparisons were desirable in order to determine the best feed system candidate. 

A critical comparison to be made was between capillary acquisition and settling. Several 
pairs of concepts in Table 4-1 could have been compared for  this purpose (i. e. , B and K , 
C and I,, D and M ,  o r  E and N). Based on comparisons done on previous contracts, 
concepts B and K should be the lowest weight of all these pairs and, therefore, were 
selected a s  the primary comparison pair for propellant settling versus capillary 
acquisition. 

Concepts A and B were selected fur comparing presdure fed boost pumps to  thermally 
subcc>oled boost pumps. 

Concepts B, D and H compared the use of a b o o ~ t  pump, thermal subcooler, o r  pressure 
feed for supplying turbopump NPSP. 

Another comparison involved the propellant duct cooling. Uncooled propellant ducts, 
cooled propell'mt ducts with cooling fluid dumped overboard and cooled propellant 
ducts with cooling fluid pumped back into the tank were compared by considering 
concepts 0, N and 1'. 



Table 4-1. Feed System Candidates 

A. Acquisition 

1. Propellant Settling 
2. Capillary Device 

B. Boost Pump NPSP 

1. Boost Pump Pressurization 
2. Boost Pump Thermal 

Subcooling 
3. No Boost Pump 

C. Turbopump NPSP 

1. Turbopump NPSP - Boost 
Pump 

2. Turbopump NPSP - Thermal 
Subcooler 

3. Turbopump NPSP - 
Pressurization 

D. Propjllant Duct Cooling 

1. Uncooled Propellant Duct 
2. Cooled Propellant Duct 

E. Coolant Handling 

j 1. No Coolant Required 

I 2, Coolant Pumped Back Into 
t The Tank 

3. Coolant Dumped Overboard 

C o ~ ~ p a r i s o n  of subcooling coolant flow being dumped o r  pumped could have been made 
for bmst  pump subcooling by comparing concepts B aud C o r  concepts K and L. 
Concepts K and L were evaluated for this purpose since most of the data for this 
comparison had already been generated on NAS3-17802. 

For comparing pumping o r  dumping subcooler flow that provides turbopump NPSP, 
concepts D and E and concepts 0 and P were compared. 

Based on the considerations described in the preceding paragraphs, analysis of concepts 
A ,  B. D, E ,  H,  K ,  L, N, 0 and P will be required t o  provide the necessary 
comparisons. (This i s  the same number of concepts onginally proposed for analysis. ) 

4-3 



Candidates that were analyzed in Reference 4-2, NAS3-17802, and Reference 4-3, 
NAS3-19693, have their letters underlined. 

Each of the feed system candidates circled in Table 4-1 was analyzed for the one-burn, 
two-burn and five-burn missiorzs described in Reference 4-2. The matrix of engine 
alternatives analyzed for each candidate feed system i s  shown in Table 4-2. Concepts 
using boost pumps were only examined for the existing RL10A-3-3 engine since new 
boost pump designs were required for the other two englnes. 

Table 4-2. Matrix of Feed System Concepts and Engine Alternatives 
Compared 

Feed System Concept 
(See Table 4-1) 

Alternatives 
RL10A-3-3A RLlO Cateaorv 1 

4.2 PAYLOAD PENALTY 

Payload penalty calculations were performed using payload sensitivity factors given in 
Table 4-3. These factors were applied to the differential proh allant and jettison weights 
for each of the ten concepts. Information generated for the systems comparisons 
presented in References 4-2 and 4-3 were used a s  a foundation for conducting this study. 

Capillary device weight calculations were performed t o  incorporate changes in capillary 
device volume and corner construction. The increased capillary device volume was 
associated with concepts N, 0 and P. These concepts considered turbopump thermal 
subcoolers with greater volume than the boost pump thermal snbcoolers previously 
used in the weight calculations of Reference 4-2. Comer construction techniques that 
would aid in wicking and case fabrication requirements were incorporated into capillary 
device designs. These changes both resulted in increased capillary device w e i ~ ~ ~ t  



Table 4-3. Centaur D-1s Payload Sensitivity Factors 

Criteria 

Jettison Wdght 

Propellant Weignt 

LH2 ar~d LO2 Loss Before Durn 
(Without I sp  Effect) 

LH2 and L@ Lost After Last Burn 
(Residual o r  FPR) 

Auxiliary Propellavt Used 
Prior  to  Burn 

Auxiliary Propellant Used After Last 

No* 1 
No. 2 
No. 3 
No, 4 
No, 5 

No. 1 
No, 2 
No. 3 
No. 4 
No, 5 

Burn (Residual) 

Mission 
1 Sync. 

Planetary 

-1,000 

+O. 646 

-0.646 

Equatorial 
Low 
Altitude 

Pressurization system weights for all systems were computed usirg a detailed inventory 
of Centaur pressurization system weights. These computations reveel ed that the 
original pressurization system weights documented in Table 2-6, Reference 4-2, 
included excessive vent system weight for the baseline system and insufficient support 
system weight for the system not requiring main tank pressurization. This i s  a 
significant revision, reuulting in a weight increase of 13.5 kg (29.8 lbs) for the 
pressurization system used with thermal subcoolers and a reduction in weight of 
30.3 kg (6G. 8 lhs) for the baseline system (Concept A). 

Lower tanking density malties were computed based on increased tank pressure 
requirements for "blowdown" options not using boost pumps and using the RL10A-3-3 
o r  RL10A-3-3A engines. Pressure fed option with -3 engine also requires higher tank 
pressure. 

Propellant supply duct weights were computed using w ?ights taken from Reference 4-3. 
Recirculation weights, included in supply duct weights in Reference 4-3 a r e  separated 
out into "other hardware" in this study. 



Supply duct chilldown weights reflect the use of the recirculation system to chilldown 
the propellant ducts when boost pumps are used. Cooled ducts do not have any duct 
chilldown requirements. Other chilldawn weight data was taken from Reference 4-3. 

Supply duct coo l i~g  fluid dumped overboard was changed considerably from Reference 
4-3. The cooling of the sump area was neglected in Reference 4-3. Calculatkms were 
performed to  include the sump area. 

Hardware for keeping supply ducts wet was taken directly from Reference 4-3, Table 
3-12 for all concepts using cooled feedlines. Excess L% in the duct over the amount 
required for chilldown of these options and engine chilldown requirements were also 
taken directly from Reference 4-3, Table 3-12. 

Subcooler weights were calculated based on schematics described in Reference 4-3. 
Subrooler cooling fluid dumped overboard was taken directly from Reference 4-3, 
Table 3-12. Boost pump weights, peroxide usage and settling system penalty were 
taken directly from Reference 4-3, Table 3-10. 

Pumping system weights to  return coolant to the tank were computed for feedltne 
coolant, thermal subcooler coolant (turbopump o r  boost pump NPSP) and combinations 
of both. System weight penalties included boiloff, battery and hardware (sump, pump, 
'i.nes and and accumulator) weights. 

Sump assembly weights a r e  a functioil of whether a boost pump i s  used. Sump assembly 
weights with and without a boost pump a re  taken from Reference 4-3. The volume penalty 
of the added hardware i s  calculated a s  the volume of propellant which cannot be tanked 
because of this additional tank hardware. Calculations includsd capillary device, sub- 
cooler, pressure bottle, and thrust barrel revisions. The volume penalty of increased 
tank skin weight for concepts requiring t a l k  pressures in excess of the baseline levels 
1s taken from Reference 1-3. Pumping t~ptions a r e  assumed to have hardware outside 
the tank. 

Subcooler cold side residuals were computed based on cold side volume and appropriate 
payload partials. Thrust barrel revisions required t o  aid in reC:ling the capillary 
devices were determined from Reference 4-2. Other hardware weight included in the 
payload weight comparison is that of the recirculation system for options containing 
boost pumps and dump valves, propellant utilization probe revisions and b y p a s ~  lines 
for options containing capillary devices. Weight data was obtained from Reference 
4-2. 



A l l  payload penalties are  included in Table 4-4 through 4-12 for the three engines and 
three missions of interent. 

Tabulations were made of the feed system alternatives to illustrate the relative merits 
of the svbaystem alternatives. These compari~ons a r e  shown in Tables 4-23 through 
4-21, 

In Tables 4-13 and 4-14 a capillary acquisition system i s  compared to a propulsive settling 
system. Capillary devices a r e  heavier than propulsive settling for 'he missions consid- 
ered. For missions with greater than five burns, capillar:~ device payload weight penalties 
will Increaae at a lower rate than propulsive settling payload weight penalties. 

Table 4-1- compares boost pump thermal subcooling to pressure fed boost pumps. It 
appears, for the cases considered, that thermal subcooling i s  lower in weight penalty 
for missions having morc than two burns. 

Tablc 4-16 comparcs the three methods of supplying turbopump NPSY. It appews that 
using a boost pump to supply turbopump NPSP i s  the best option. 

Table 4 1 7  compares propellant duct cooling options. The best option i s  to not cool the 
duct and to pump any other coolant back into tne tank. \ibis option, concept M ,  was 
asscsscd by adding thc weight of the pumping system of concept 0 to concept N and 
deleting thc cvolant lost from concept Nj .  After this, tile next t ~ s t  option i s  to cool 
the duct and pump the coolant back into the tank. The next kr ; t  option i s  not to cool 
the duct. l'hc worst, from a payload penalty stmdpoint, i s  to cool thc. duct and to 
dump the coolant ovcrbonrd. 

Tables 4-18, 4-19 and 4-20 compare pvmping coolant back into the tank versus dumping 
the coolant overboard. In all cases the cool=+ pmping  system i s  lower in payload 
wqight penalty than dumping the coolant overboard. 

Pressuri  ition system options a r e  compared in Taole 4-21. Options considered were 
cryostored o r  ambient stored helium for an autogeneously pressurized LII2 tank and 
cryostored gaseous helium for the entire LIIg tank pressurization requirement. 

Au:ogeneous LIi2 tank pressurization with cryogenic helium storage i s  the lowed 
weight alternative. Ambient storage of GHe w!th aulogeneous 1,112 tank pressurization 
i s  heavier than cryogdnic storage. The option with the highest payloitd penalty i s  the 
one using CZle pressurization and cryogenic storage. (Ikcausc of I he added complexity 
of cryogenic storage, ambiently stored systems are  baselined for ihe preusure fed 
s y ~ t e m ,  11, wherever possible. ) 

Summarizing the payload weight comparisons, the following conclusions a r e  t r ~ e .  
Settling i s  superior to capillary devices for the missions considered. Subcooling of 
boost punlps by thermal o r  pressure means i s  n close trade-off, with thermal 



Table 4-4. Payload Weight Penalties for System Comparisons, kg (lbm), One Burn 
Mission, RL10A-3-3 Engine 
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Table 4-5. Payload Weight Penalties for System Comparisons, kg (lbm), Two Burn 
Mission, RL10A-3-3 Engine 

11 (26) 11 (26) I1 (Pb) I1 (26) 11 (26 

- - 
9 (IS) # (IS) 4S (101) 49 (107) 48 (107 

I1  (24) 11 (24) 20 (43) 20 (43) 20 (43 

I-' 

I ( I t )  1 (I6 
. 

6 (13) 10 (a2 

17. Volume Ymdly hu Ll12 
ID l1rrl)varo AJIbd 1 4  

-- . - -- -- 
In. F I U I ~  ~tesldurlr L I I ~  

Cold D.Ae Svbcoolmr LOz - - - -- -- - 
IS. Thrunl Darrml 

Rbvldmr 

20. U l u r  llmrdwar. 
8 (18) 1 (IS) 6 I l l )  6 (In) b (11 -1-1---17- 

-- 
tea  ((146) 



Ngure 4-6. Payload Weight Penalties for System Comparisons, kg (Ibm), Five Burn 
Mission, RLlOA-3-3 Engine 
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Table 4-7. Payload Weight Penalties for System Comparison, kg (lbm), One Burn 
Mission, RLlOA-3-3A 
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Table 4-8. Payload Weight Penalties for System Cornpariaon, kg (lbm), Two Burn 
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Figure 4-9. Payload Weight Penalties for System Comparisons, kg (ibm ), Five 
Burn Mission, RL10A-3-3A Engine 
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Table 4-10. Payload Weight Penalties for *stem Comparisons, One Burn Mission, 
HLlO Category I Enghe 
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Table 4-11. Payload Weight Penalties for System Compariaona, kg ( l h ) ,  
Two Burn Mteeion, RLlO Category I Enme 
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Tablo 4-12. Payload Weight Penalties for System Cornparleone, kg 0%) N v e  Burn 
Mission. RLlO Caterrow I Engine 
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Table 4-14. Settling Versus Capillary 
Device Payload Penalty Comparleon 
(Sjstems E & N) 

1 Table 4-13. Settling Versus Capillary 

I Device Payload Penalty Comparleon 

1 :% 
RLlO CAT I RLlO CAT I 

RLIOA-EU 

ALIOA-a-a 

864 (lOl9: 
912 (2013) 
W2 $4186) 

low (103) 
m a  (116) 
1200 (2770) 
isze @sea) 
1666 (3641) 
Ins (sew) 

Table 4-15. Boost Pump NSPS, Table 4-16. Methods for Supplying 
Turbopump NPSP Payload Penalty 
Comparison (Systems B, D & H) 

Pressure Fed Vs Thermal 
Subcooling Payload Penalty 
Comparison, (Systems A & B) 

Payload Penaltlor. kg (lbg) 

Boost 
Pronrurr I h l I ~ * n l  Fad 

Mluloa Rvnplor 
E o g h  (No. d Turbopump 
Won I Busar) I NPBP , 

RLlO Cat 1 

RL1OA-ESA 

RLlOA-5-5 

I I I I 
All krb vat-r prqwl? nctlln(: , 

I I 
HI ud bow H Ir not fwlbla. 



Table 4-17, Propellant Duot Cooling Options Payload 
Penalty Comparlrron (Sy6temr N, 0, P & MI 

'!'able 4-18. Boost Pump Suboooler 
Coolant Df8posal Payload 
Penalty Comparison 
(Systems K & L) 

RLlO cat 1 1 
a 
I 

RLloA-a-U 1 
a 
0 

m ~ i ~ ~ - a - a  I 
a 
# 

Watr: Coolant dlrparrl 

Table 4-19. Turbopump Thermal Subcooler 
Coolant Disposal Payload 
Penalty Comparison W l i n g  
System (Systems D & E) 



Tablo 4-20. Turbopump Thermal 
Subcooling Disposal Payload 
Penalty Comparison Capillary 
Devices (Systems 0 and P)  

Table 4-21. Pre~eurication System 
Options Payload Penalty Compar' -on 
(SystemsH, HI & H 2 )  

Engine 
OpclW 

R L l O  Cat f 

RLlOA-3-SA 

RL10A-3-3 

bllarlm 
(NO. of 
Burn* - 

1 
2 
5 
1 
2 
5 
1 
2 
8 

subcooling preferred for the multiburn missions. Pumping coolant back into the tank irr 
better than dumping overboard. Uncooled propellant ducts a re  better than cooled 
propellant ducts and boost pumps are the best method of supplying turbopump NPSP. 
Base3 on these comparisons of relative payload weight penalties, feed system caaoepts 
A o r  B appear best for the Centaur D-1s application. Feed system concept A is the 
baseline system. Feed system concept B is the baseline system with the substitution of 
thermal subcooling for main tank preasurization. 

4.3 Y.4 RDWARE WEIGHT COMPARISONS 
Hardware weight penalties are shown in Table 4-22 through 4-30. Hardware weight 
comparisons are shown in Tables 4-31 through 4-39. Hardware weight comparisons are 
not aR meaningful a s  the payload weight penalty comparisons shown in Section 4.1 
becausc they do not reflect differences in fluid weight penalty. 

Engtne 
Optlon 

RLlO Cat I 

Table 4-51 and 4-32 compare settling to capillary devices. Capillary devices are  
gonamlly about 80 to 90 kg heavier than settling in terms of hardware weight for  one, two 
and fivc burn missions. 

Note: Amblrnt rtorap 18 rlmpler tbm c r y o ~ l o  rtonp I 8nd would k reloctod (gonrraUy) on tbat b a l r  .lone. I 

Ml88lon 
(No. of 
Burn8 

1 
2 
s 

Payload PmrUlrr, kg (Ibm) - 
= ~ d  SY8hh.8 

Table 4-33 e h m s  that thermally subcooled boost pumps have lower hardware weight than 
pressure fed boost pumps. Table 4-34 shows that boost pumps have the lightest hardwaro 
weight of lhc turbopump NPSP supply mothods (boost pump, pressure, thermal subcoolor). 
If pressurant is cryogenically stored then concept Hi is cornparablo in weight to toost pumps. 
For the Catugory I ongine thcrmal subcooling is lighter than pressurization for   upp plying 
turtopump NPSP whilo for the RL10A-3-3A engino, prossurization is lightcr than thermal 
subcooling for supplying turbopump NPSP. 
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Table 4-31. Settling and Capil- 
lary Devioe Hardware Weight 
Comparison (System8 B & K )  

Table 4-32. Settling and Capillary 
Device Hardware Weight 
Comparison (Systems E & N) 

Notm Bath contrln booat plmpr, ;#oh& 
I I 

4-33. Boost Pump NPSP, Pressure 
Fed System and Thermal Sub- 
cooling System Hardware Weights 
Comparison (Systems A & B) 

Table 4-34. Turbopump NPSP, Boost 
Pump System; Pressure Fed System 
and Thermal Subcooling System 
Hardware Weight Comparison 
(Systems B, D & H) 

Mtrrlm 
mo. of 
Burnr) 

Fwd Syaten 

B 

Thermally 
Suboooled 
Booat 
Pump 

212 (468) 
212 (468) 
212 (468) 

Mlrrlon 
(No. of 

Boom pump 
for Turbo- 
P'='P 
NPSP 

Note: Booat pump them J rubcoolhgi coolmt 
pumped b m k  tnto tbe tmk. I 

Fwd Syrtam 
A 

Prcrrurt 
Fed 
Boost 

~oc.; ~ - p  NPSP oompulron; (all f eed  ryrt.mr urn 
PVLU nttlino. 
* HI urd- becaum H I8 not feuible: 

.- --- - 

Thermal 
Subooolbg 

pump NPSP 
for Turbo- 

Prrrrurira- 
tlm for 

NPSP 

I 
Twboprrmp 

Buran) , Pump 

1 
2 
5 

226 (500) 
246 (54s) 
299 (660) 



Propellant duct cooling options M, N, 0 and P, shown in Table 4-35, illustrate that 
the lowest weight option, N, has an uncooled duot with other coolant dumped overboard, 
The highest hardware weight has oooled ducts with coolant pumped back into the tank. 
Concepts M and P a r e  very close in hardware weight (uncooled duct with other coolant 
pumped versus cooled duot with coolant dumped). 

Table 4-36 shows lower hardware weight for dumping boost pump thermal subcooler 
coolant versus pumping it  back into the tank. Tables 4-37 and 4-38 show the same 
result for turbopump thermal subcooler coolant disposal. The weight of the coolant 
pumping system accounts for the added weight. 

Table 4-39 shows that cryogenically stored pressurant with autogeneous steady state 
LH2 pressurization i s  the lightest pressure fed system because of the lower weight 
cryo-bottles. (Al l  increments a r e  due to bottles and support hardware.) 

4.4 RELATIVE RELIABILITY 

Relative reliability for each of the ten mncepts identified in Table 4-1 was determined 
by analyzing each major subsystem component to determine mean missions between 
failures (MMBF). Component features a re  similar to  those presented in Reference 4-2, 
Appendix A. For pressure fed systems, not previously analyzed, componerit character- 
istics are  a s  shown in Table 4-40 and Figure 4-1. 

Elements used in determining the relative reliability of eaoh candidate conoept a re  
identified in Figures 4-2 to 4-11. 

Table 4-35. Propellant Duct Cooling Options, 
Hardware Weight Comparison (Systems 
N, 0, P & M) 

llnrdware WstrM I'tnrnItl@l, kg (Ibm) -- 
Feed Syr(e4 F d S y m t a n  Feed Byrtam F a d  Sy* 

N .-- 0 P M 

Unarmled Cooled Cooled Unoooled 
Mlnslon Ikd lhtd Dud Ouot 

Endno (No. nl Coulmt C w l m t  C w h t  C w l r n t  
Optla, h m s )  Dumped J'umped m W  
-----. -- 
n l . i o c ~ t  I I zsn ( s o ~ )  zm (861) 281 (OW) 271 (597) 

2 228 (h02) 271 ( 6 1 )  263 (666) 240 (641) 
5 285 (627) 328 (722) 310 (681) 303 (ME) 

I I IOA-3-  1 300 (673) 343 (767) 326 (1111) 323 (712) 
3A 2 323 (712) 382 (789) 345 (767) 342 (764) 

6 342 (754) 1113 (846) . 362 (799) 365 (800) 
~ L I O A - ~ - ~  1 na4 (803) ~ n a  (891) ssa (861) 3 ~ i  (8ao) 

2 386 (848) 429 (RID) 406 (8B7) 408 (001) 
5 4lp (921) 465 (1028) 440 (872) 446 (BOO) 

Table 4-36. Boost Pump Subcooler 
Coolant Disposal Hardware 
Weight Comparison (Systems 

Nntn: C W I ~  dlqmpomnl from hnoa pump 
ntrlw~mllns (an Illnrv &v lw ) 

-. ---.-. 1 %.- 'A 



Table 4-37, Turbopump Thermal 8u& Table 4-38. Turbopump Thennal Sub- 
cooling Coolant Pwnped Vereue 
Dumped Hardware Weight 
(Systems 0 & P) 

ooobr Coolant Msposal Hardware 

System (Systems D & E) - 

HLula 
(No. or 
Bums) 

Note* c o o k  d t & l  for hubapclmp 
rubooolb# wlth crpllhry drrlon. rubopollar for r a U W  systems. 

1 

Table 4-39. Pressurization Systeat Options Hardware 
Weigh Comparisons (Systems H, HI and H2) 

I I I 1 

~ 0 . d  dy8Um ( F I ~  System i ~ ~ d  system 
H I H. I Ha 

Auto#mour CHI for 
LHzTmk LHZTpnk 
Cryoatand Cryortored 

Attrtbutablr'to presrur~t i toa  only. 
109 (241) 95 (209) 143 (314) 
114 IfH) I 88 (187) I 149 (328) 

113 (249) 100 (352) 

IwuBolmt rema for amble& stored W l r r .  

Table 4-40. Preesurlzation Syetem Bottles for Pressure Fed Turbopumpe 
r 

VlVE ULIItN 2 l,Altlil< ~ ~ l ~ ) ' O ~ l ~ N J C A l , l , Y  S'l'1)Itb:l) UUr'rl~b:S 1 SMALL, ('lIYO(i~N1~:Al.I.Y 5'1'0111.:1~ 111 )'1"1'1.).: 

r l  S h l ~ l ~ .  AMIMEN'I' lit YI"L'I.I.: I 1 SMALL. Ahlllll<N'I' l~(Yl"l'l.I.: 



Table 4-41. Miorion Protile and Envinwnsnt Summary 

ow Burn 
Mlrriao 
Wm 
B o a  
Burn 
C o u (  

Two Buxn 
M t a a b  
_pbur 

Boo* 
Buma 
cout 

Five Bum 
Mlarlaa 
Phr 
Booat 
B u m  
cou l  

Ew. 
Tim, F-, 
u m . L  
0.18 so 
0.l23 PO 
0.814 1 

one Bum = 

Two Bum Kt = 

Flvr Burn Kt 

HEAT EXCHANGER 

AU rWENOU8 
PRPSSURXW TION , 

HELIUM PREaURE BOTTLE8 ARE STORED M THE 
L W W  HYDROGEN TANK. A HEAT EXCHANGER 
IS USED TO RAm PRE[IIIZTRANT TEMPERATURE TO 
USAGE LEVELS I TBE LHa TANK. COLD HELIUM 
ui USED POR P R E m z m o  THE rn TANK. 

FOR SY6TED: R" CRYOOEMC HELIUM IB USED FOR 
ALL MAW TANK PREESURIZATION. FOR SYSTEM 
H AND H' THE HYDROGEN TANK IS AUTOQENEOUSLY 
PRESSURIZED AFTER THE hJlTUL BURP WITH 
HELIUM. 

Figure 4- 1. Cryogsniodly Stored Helium Preeeurant 



Figure 4-2. Schematio and Failure Rates for Concept A (Settlf . - 
Pressurization, Boost Pump, Uncooled Duct, No 
Coolant Required) 

Figure 4-3. Schematic and Failure Rates for Conoept B (Settling, 
Thexmal Subcooling, Boost Pumps, Unaooled Duct, 
Coolant Pumped) 

Figure 4-4. Scbematio for Conoepl D Figure 4-5. Schematic for Conoept E 
(Settling, Turbopump subcooling, (Settling, Turbopump, Subcooling, 
Uncooled Dwt, Coolant Pumped) Unoooled Dud, Coolant Dumped) 



RL 1OA-3-SA ENGPJE 
ONE BURN AMBlENT SYSTEM 

r 
2 OF 3 WORKING SAT. 

bd&d ~ ~ ~ [ S O ~ O D O ~ ~  H ONIO. H Vdw Valve 

RL10A-3-3A ENGW E 
TWO BURN: ONE CYROGENIC 

ONE AMB. BOTTU 

RLlOA-3-3A ENGINE 
FIVE BURN: TWO CRYOOENIC 

ONE AMB. BOTTLE 

FAILURE RATE: 
HEAT EXCHANGER A -1.8 x 2 OF 3 WORKING SAT. 

RLlO CATEGORY I ENGINE - 8AHE LOOIC SYETEM A8 ABOVE EXCEPT NO. BOTTLE8 
ONE BURN: TWO AMBIENT BOTTLE8 
TWO E m :  THREE AMBIENT BOTTLE8 
?WE BURNa ONE CRYOGENIC, ONE AMBIENT BOTTLE 

Figure 4-6. Sohematic for Comept H (Settling, Preeeure Fed Engtne, Uncooled 
D w t ,  NO Coolant Required) 
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Figure 4-7. Schematic and Failure Rates for Concept K (Capillary Device, 
Thermal Subcooling, Boost Pump, Uncooled Duct, Pumped 
Coolant) 

Figure 4-8. Schematic for Concept L Figure 4-9. Schematic for Concept N 
(Capillary Device - Thermal Sub- (Capillary Device, Turbopump 
cooling, Boost Pump, Uncooled Subcooling, Uncooled Duct, 
Duct, Coolant Dumped) Coolant Dumped) 

F[711)rb H Valve Sb- ]{F](-) 1 - ROO& 8 (2) 

Failure Rates: 1 

Throttle Valve 15.0 x 10'~ 
Shutoff Valve 5.0 x lo-G 
Cooling Coil 0.5 :( 10'~ 

Figure 4-10. Schematic and Failure Rates for Concept 0 (Capillary Devtce, 
Turbopump Subcooling, Cooled Duct, Coolant Pumped) 

Figure 4- 11. &hem ati c for Concept P (Capillary Device, Turbopump 
Subcooling, Cooled Duct, Coolant Dumped) 



The reliability of any system i s  q r e e e e d  by the equation 

where 

X is the failure rate for a system component 

Kt is the time-environment factor product 

For the reliability of propellant feed ~gs t ems  the values o f ,  X for the components are  
shown in Figure 4-2 to 4-11 below the concept schematics. The mission profiles 
cansidered were the one, two, and five burn missions for the Centaur D-1s vehicle. 
The K t  factors are  shown in Table 4-41 where the environments of boost, main engine 
burn and coast are  considered. The environmental factor K, a measure of the severity 
of the environment, was determined in an earlier Titadcentaur-Viking @ef* 4-51, 

The analysis used Concept A as  the baseline with other concepts evaluated a s  modifications 
to this concept. The results of the reliability analysis are summarized in Table 4-42 and 
indicate the reliability of the eleven concepts relative to each other. A second indicator is 
also shown, the mean number of missions between failures (MMBF) defined by (1/h R). 
Concept H has the highest reliability rating; this i s  achieved by replacing both boost 
pumps with a pressurization system for turbopump NPSP. The pressurization system 
has many components, as  indicated in Figure 4-6, however reliability achieved by 

Table 4-42. Comparison of Relative Reliability for Concept Under Study 

Concept 

A 

B 

D 

E 

H (RLlOA-3-3A: 

H (RL10 -Cat I) 

K 

L 

N 

0 

P -- 
* Reliability 

- I One Burn I Five Burn 

MMBF*' R* MMBF" 

958 0.998792 827 

716 0.998384 618 

1308 0.999114 1128 

1675 0.999307 1443 I 

** MMBF = mean miaaioos between failure defined ae l/pz R 
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parallel paths exceeds that of two boost purpa. The reliability of all acquisition 
systems is lower than that of all  settling systems by relative reliabilities of 0.999712 
versus 0.999540 for settling and acquisition components, respectively (single burn 
mission, K t  = 12.26). This is further illustrated by the comparison of systems B and 
K where the difference in settling versus acquistion accounts for a delta of 154 MMBF 
for a one-burn mission. 

Other comparisons can be made on reliability of subsystems. Components in boost 
pump pressurization give it a reliability of 0.999559 versus boost pump thermal 
subcooling 0.999429 indicating the higher reliability without the throttle valve and 
thermal subcooler components. When considering turbapump NPSP, the boost pump 
alternative has a reliability of 0.999428 versus 0.999869 from the thermal subcooler 
without boost pump versus 0.999958 for pressurization,reflecting the high reliability 
of the latter s; stem. Components added for a cooled propellant duct reduce the 
reliability by a factor of 0.999497. For coolant handling, pumping the coolant back 
into the tank reduces the reliability by the faotor 1.999883 while dumping coolant 
overboard incurs no penalty. 

Referring again t o  Table 4-42, the analysis shows that concept 11 using the Category 1 
engine gives the highest reliability and MMBF, while Concept 0 will give the lowest. 
Concept H i s  a significant improvement over the baseline Concept A. Failure rates 
used in the analysis are from RADC Notebook RADC-TR-75-22 (Reference 4-6). and 
from Reference 4-2. 

4.5 ELECTRICAL POWER CONSUMPTION 

Electrical power consumption calculations were performed, and the results of this analysis 
a re  summarized in Tables 4-43, 4-44 and 4-45. Power consumption for  the valves and 
sensors was neglected. The two main power requirements a re  for pumping cooling fluid 
back into the tank and for warming cryostored helium to usage temperature. Heat ex- 
changer power requirements a re  relatively high. Table 4-43, for  the RL10A-3-3 engine, 
shows that the highest power requirement i s  for the option that pumps turbopump thermal 
subcooling fluid and propellant duct cooling fluid back into the tanks (Concept 0). This 
consumption is only slightly greater than Concepts D and M which only pump turbopump 
subcooler fluid back into the tank. Concepts B and K, pumping boost pump subcooler 
fluid back into the tank, have lower power consumption than the other concepts requiring ! 

electrical power. Concept H was not designed for  the RL10A-3-3 engine. Concepts A, ? 

E, L, 0 and P do not require electrical power. 
8 

Table 4-44 for  the RL10A-3-3A engine, shows that the highest power requirement is for  
the option that uses cryostored helium (Option HI) and the associated heat exchanger to e 
warm the pressurant. Option 0, pumping turbopump the ma1 subcooling fluid and propellant : 
duct cooling fluid back into the tank uses the next highest power requirement. Thii- i 

consumption i s  slightly greater than Concepts D and M which only pump turbopump sub- 
cooler fluid back into the tank. Concepts A, B, H2, K and L were not designed for  the 



Table 4 4 3 .  System Power Conerunption With RL10A-3-3 Engine 

Table 4-44. System Power Consumption With RL10A-3-3A Engine 

.--- - TWO-BURN MISSION 
Nd 

Pumplng Power - Coolant Return - - Analyz. 

Battery Power - Pressuranl - 864 - 
Heat Exchan~er 

Total Power Consumption - 864 - 

ONE-BURN MISSION 

P m p h g  Power - CooLd Return 

B u t b y  Power - Prcssuraat 
Ikat Exchanger 

Total Power Consumption 

FNE-BURN MISSION 

t-------- I 

- 
- 
- 

7 
Dumping Power - C w h t  Return \, 406.08 - 
Battery Power - Presaurmt 
llqnt Exclunger 

Total Power Cun8wptton 

- 

336 

336 

- 
- 

Not 
25U.JB - 251.36 - Analyz. 

- - 
- 250.08 - 253.38 - 

- 
2010 

2016 

Not 
Anslyz. 

- 
- 



Table 4-45. System Power Consumptm With RL10-Category I Engine 
(Power In wall-hwra) 

Pwar Cnnuuarptlua Elemet~t A 1 D O E M  hl N I  0 P 

ONE-BURN MlSSLON 

1a1.ra - 1a.w - 
- 

----- 
T a d  Power Conaunptlon 1 

- 1a.m - 

Purnptog Paver - Coolant Meturn 
-- 
Battery Pmrer - Prerruranl 

-..- 

RL10A-3-3A engine. Concepts E, H, N and P do not require electrical power. 

For the RLlO Category I engine, Table 4-45 shows that the highest power requirement 
is for  the option that uses helium pressurization for  the LH2 tank and cryostored helium 
(Option HZ). This is followed by the option using autogeneous LH2 tank pressurization 
and cryostored helium. Option 0, pumping turbopump thermal subcooling flow and 
propellant duct cooling flow back into the tanks is the next highest in electrical power 
consumption. This consumption is slightly greater than that required for Option D, 
pumping only turbopump subcooled flow back into the tank. Options A, B, K and L were 
not designed f o r  the RLlO Category I engine. Options E, H, N and P do not use 
electrical power. 

4.6 MISSION PRO FILE FLEXBILITY 

Mission profile flexibility assessments were made. For systems using settling, added 
star t  sequence time will be required to accomplish settling. This will have an impact 
on the existing mission profiles for the Centaur D-1s. Main engine firing with capillary 
devices can be initiated more quickly than with settling thrusters. l 

FOE other missions, capillary devices could have a limiting influence on minimum burn 
time and maximum time between burns. Minimum burn time, with a start basket 
capillary device is the required time (in excess of the start sequence) to  settle and refill 
the start baskets under main engine thrust. Capillary device thermal conditioning 
requirements a re  directly determined.from the maximum time between burns and a re  a 
factor in determining the capillary device volume. Large capillary device volumes a r e  
incompatible with short final burns because liquid level in the tank will be insufficient 
to  allow the capillary device t o  refill. The considerations discussed in this paragraph 
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have no bearing on Centaur D-1s mission profile flexibility and are  presented only for 
general information and extrapolation to other missions and vehicles. 

4.7 C ONCLUSIONS AND RECOMMENDATIONS 

For the Centaur D-IS, feed systems uaing capillary devices have the greatest mission 
profile flexibility. Feed systems having the lowest hardware weight are those wing 
propellant settling and thermally subcooled boost pumps with coolant pumped back into 
the tank (Concept B). Feed systems having the lowest payload weight penalty are 
Concepts A and B. Concept A uses propellant settling and pressure fed boost pumps. 
For missions with significantly greater burns than those required by the Centaur D-1s 
vehicle, capillary device payload weight penalty will be less than that of propellant 
settling. Concepts with no electrical power consumption are Concepts A, E , L , N and P. 
The highest reliability concept i s  Concept H which utilizes pressure fed turbopumps. 

The study shows that several areas are  worthy of investigation depending on the 
direction taken by new vehicle design requirements. If high reliability is the major 
criteria, then pressure fed vehicles should be studied. If low payload penalty and low 
power consUmption are most significant then the baseline Centaur D-1s using propellant 
settling and boost pumps (Concept A! is best. If low hardware weight i s  most important 
and missions of two burns or  less are required (payload penalty is then also lowest) 
then propellant settling with thermal subcooling and coolant returned to the tank should 
be selected. For missions greater than five burns (approximately 1 0  burns), capillary 
devices are attractive (using thermally subcooled boost pumps with coolant returned 
to the tank, Concept K). 

The study has shown that the baseline system is attractive and, under a specific set of 
assumptions, pressure fed turbopumps , thermally subcooled boost pumps with coolant 
pumped back into the tank and capillary devices are worthy of additional study. 
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APPENDIX A 

REFILLING PROGRAM DOCUMENTATION 

A. 1 PROGRAM CAPABILITY 

Program REFILL predicts d a r t  basket refilling conditions as a function of vehicle and 
mission conditions, capillary device characteristics and engine requirements. A flow 
chart of the program i s  glven in Figure 2-2. The program detennines capillary device 
liquid level as a function of time. The analysis includes the effects of dynamic preesure, 
screen wicking, multiple screen barriers, window (standpipe) screens that can be of a 
different mesh than the main screens, time dependent liquid collection, and variable 
acceleration level due to changes in vehicle mass. Outflow from the tank is included 
either a s  an input or calculated based on feed system pressures, Vapor pullthrough 
height is accounted for as  a function of tank outflow rate. Options are included for 
simulating spilling, wetted or  dry standpipes and wicking between sc reedplate barriers. 

The following pages present a listing of the program and a sample input and output. 

A.  2 PROGRAM LISTING 

The following pages give a brief description of the main program and each program 
subroutine followed by a listing of the corresponding program element. 

Listings are presented for the following program elements: 

DRIVER PIIOGlUM 

REFILL 

SUBROUTINES 

DVCOL 
FLOW 
IMPOUT 
INPUT 
OUTFLOW 
STAND 
SWET 
TiME 
WRIT 
DIA GNOS 



PROGRAM REFILL 

The main program eerves as  a driver for the flow r u b m u t h e  after initializing 
boundary oonditione for eaoh time rtep. Flag6 for spillhg, r o m n  wetting, etaadpipe 
oaloulatione, roreen irnpingpment, and oukfbw oaloulatianr are used to  direot oontrol 
to the appropriate subroutinee. Vehiole aooeleratian level is oaloulated, Colleoted 
liquid height outelde the basket ie determined fnnn tables. Implngexnent oaloulotiane 
for ddermining the dynamio preerure due to oolleoted fluld veloolty outside the atart 
basket are  performed. Pullthrough tables are wed t o  determine if the liquid level in 
the basket hae dropped below the point at whioh vapor will enter the ohannele. 
Liquid levels inside and outside tbs baeke4 are oaloulatnrl. Initial oonditione for the 
first time step are determined and printed. 

PROGRAM REFILL(INPUT,TAPE5=INPUT~OUTPUT~TAPE6tOUTPUT) 
PROGRAM COMPUTES START BASKET REFILLING UNDER VARIABLE D R I V I N G  HEAD* 

VARIABLE WETTING,VARIABLE DYNAMIC PRESSUREIMULTIPLE COMPARTMENTSIAND 
MULTIPLE SCREEN BARRIERS 

CALCULATED QUANTITIES-INTERMEDIATE 

AL = AREA FOR L I Q U I D  INFLOW, F T 2  
A L I  = AREA ADJACENT TO L I Q U I D  I N S I D E  THE BASKETrFT2 
ALO = AREA ADJACENT TO L I Q U I D  OUTSIDE THE B A S K E T l F T 2  
AV = AREA FOR VAPOR OUTFLOW ACROSS UNWETTED SCREEN, F T 2  
AVW= AREA FOR VAPOR OUTFLOW THROUGH WETTED SCREEN ADJACENT TO VAPOR* F T 2  
B =  SPACING BETWEEN SCREEN BARRIERSnFT, I N  SUBROUTINE SWET 
CVOL(N)= COLLECTED VOLUME AT TCCN), FT3  
DPIN= BASKET INTERNAL PRESSURE MINUS ULLAGE PRESSUREpPSF 
DPS = MAXIMUM SURFACE TENSION DELTA P I P S F  
DPSZ=SURFACE TENSION PRESSURE DIFFERENTIAL FOR TOP SCREEN,PSF 
GZAMBIENT ACCELERATION, FT/SEC2 
t i I = L I Q U I D  LEVEL I N S I D E  BASKET* FT 
HLEV=COMPUTED L I Q U I D  LEVEL WHEN START BASKET AND TANK LEVEL ARE EQUALtFT 
HO=LIQUID LEVEL OUTSIDE BASKET, FT 
HS " HEAD THAT CAN BE SUPPORTED BY SURFACE TENSION, FT 
IFDAD =FLAG FOR INTERPOLATION CALCULATIONS. I F B A D z 1  FOR GOOD E X I T * = 2  BAD 
CL = L I Q U I D  VOLUME INFLOW RATE, FT3/SEC 
T = TIME, SEC 
TVOL =TOTAL F L I U D  VOLUME I N  THE TANK DURING ONE T I M E  STEPrFTS,  
VCL = COLLECTED VOLUME AT A GIVEN T I N E  STEP,FT3 
VCL1= COLLECTED VOLUME FROM CURRENT T I M E  STOP,FT3 
VCL2= COLLECTED VOLUME FROM LAST T I M E  STEPeFTS 
V I L = L I Q U I D  VOLUME I N S I D E  THE START BASKET AT START OF T I M E  STEP,FTS 
VOL=LIQUID VOLUME OUTSIDE START BASKET AT START OF T I M E  S T E P * F T 3  
VOREF = VOLUME FLOW INTO THE BASKET DURING THE LAST I T E R A T I O N * F T S  
VV = VAPOR INFLOW VELOCITY ACROSS UNWETTED SCREEN, FT/SEC 
WT= WETTED HEIGHT OF SCREEN 

- . . - - -  
REAL KC,MPROP,MR,MVEH 
JUMP I S  A VARIABLE USED TO RESTART NEW CASES 

r t  ASSIGN 1 0  TO JUMP 



1 0  CALL I 
ADL ZAL 

lQL=QO= 
WRITE( 

20 FORMAT 
IF(NS.  
ASNSMA 
BtNSUB 

. . Y=NS*Y 

CALL T 
VOL =vc 
IF(NSP 
V I L I = V  
CALL T 
CALL T 
CALL T 
HOZHLE 
HI=HLE 

40  WRITE( 
5 0  FORMAT 

1 =wFa. 
CALL T 
DPSZSI 

,,SO) T,HO,HI 
I N I T I A L  CONDITIONS, TIME =wF8.4*SEC, TANK L IQUID  LEVEL 

I M F T ~  BASKET L IQUID  LEVEL =*F8.4MFT*) 
rBL(HCOL(K),CVOL,HT(1),VOLO(l),1,l~l~I~IFBAD~ 
iMA*2.72w3.048€05/DW 

IF(DBPt.EQ.O.)DBP2=DBP 
DPS2=SIGfIAN2.72~S.OQ8EOS/DBPZ 
IF(NDR. EQ. 1) DPS2zO 
0 0  TO 120  
T=T+DT 
VCLZ=VCLl 
CALL TABL(T,HO,TC(l),HCOL(l),l~I,1~N~IFBAD) 
CALL T A B L ( H O ~ V C L 1 ~ H T ( 1 ) , V O L O ( l ) , l ~ l ~ 1 ~ I ~ I F B A D ~  
VCL=VCLl-VCL2 
~ V o ~ = v o i + v I l  
CALCULATION TO DETERMINE L I Q U I D  LEVEL OUTSIDE AND INSIDE BASKET IF f lHB10/77 
LEVELS ARE EQUAL N W N ~ ~ ~ ~ ~ U N M M ~ ~ ~ ~ N N N ~ M W N W M ~ ~ N W Y R Y M Y H ~ Y W : * Y U * * M ~ ~ H * * ~ ~ ~ ~ ~ ~ / ~ ~  
CALL T A B L ( T V O L , H L E V , V T O T ( 1 ) ~ H T ~ 1 ~ ~ 1 ~ 1 ~ 1 ~ I ~ I F B A D ~  
CALL T A B L ~ H L E V ~ V I L l ~ H T ~ l ) , V O L I ( 1 ) ~ 1 ~ 1 ~ 1 , 1 ~ I F B A D ~  
CALL T A B L ( H L E V ~ V O L 1 ~ H T ( 1 ) ~ V O L O ( 1 ) ~ 1 ~ 1 ~ 1 ~ I ~ I F B A D ~  
CALL T A B L ~ H T O T , V T O P , H T ( 1 ) ~ V T O T ( l ) ~ l , l , l ~ I ~ I F B A D ~  
VOLMAX=VOL-VOLl 
IF(VOLMAS.LT.VOL-VTOP) VOLflAX=VOL-VTOP 
IF(VOREF.GT.VOLNAX) VOREF=VOLMAX 
VILM.!X=VILl-VIL 
CALCULATIONS I F  L IQUID  HAS BEEN COLLECTED OUTSIDE BASKET ***NHM**WIHB10/77 
IF(VOREF.GT.VILMAX+VOLOUT) VOREF=VILMAX+VOLOUT 
VIL=VIL+VOREF-VOLOUT 
vOL=vOL+vCL~ 
IF(VOL.LT.O.)VOL=O. 
IF (V IL .LT .O . )V IL=O.  
CAL l  T A B L ~ V O L ~ H O ~ V O L O ( 1 ) , H T ( l ) ~ l ~ l ~ l ~ I ~ I F B A D )  
CALL TABL(\'IL~HI~VOLI(l),HT(l),l~l~l~I,IFBAD) 
CALL TABL(QP,HPULL,QOUT(l),HPT(l)tl,l,l,l~J~IFBAD) 
IF((NOUT.NE.O).A.(HI.LT.HPULL))GO TO 3007 
IF(NITER.GT.1O)CALL DIAGNOS 
CALL TIPIE 
IF(T.GE.TMAX) GO TO 10 
IF(NIM.EQ.O)GO TO 1 0 5  
CALL T A B L ( T , V J ~ T I M ( l ) r C V I ( l ) , l ~ 1 ~ 1 ~ N I M ~ 1 ~ ~ A D )  

VO I S  THE IMPINGEMENT VELOCITY CALCULATED FROM SYMON=S C O R R E L ~ . I I O N ~ ~ M ~ N ~ * *  
V O = ( - F ~ B K ~ A + S Q R T ( ( F ~ ~ K ~ A ) ~ ~ ~ * ~ . Y ( R H O L * V J M H ~ ) N ( F * B K ~ B + R H O L ~ B K ) ) ) / ( ~  

1. ~ ( F * B K ~ B + R t l O L * B K )  
1 0 3  IF(NG.EQ.1) GO T O  150  . . 

M?ROP=MPROP-QP*RHOLwD7 
G = ~ ~ . ~ ~ U T I ~ ~ ~ S T / ( M \ ~ E H + M P R O P H ( ~ + M R ) )  R~~~~~~~~ OF '1 i ~ - -  

A -3 ~ G ~ A I ,  PAGE 1s 



j ,  

1 5 0  l lS=32.l7wDPS/(G*RHOL) 
HX=HS 
IF(NST.NE.0)  HX=32.17NDPS2/(GMRHOL) 
IFOlO.GT .HTOT )HO=HTOT 

c SELECTION OF WETTING CALCULATIONS M M M M M M H M M M M M H M M M M M M M M M I H w w u ~ M ~ H M N H ~ ~ O / ~ ~  
T F(  t l W .  EQ. 1 )lJT=HO 
IF(NLJ.EQ.2)WT=HTOT 
IF(t4lJ. EQ. 3)CALL SUET . 

.d OUTER L I Q U I D  BELOW TOP OF BASKET AND EQUAL TO WETTED HEIGHT MMM***NHBlO/77 
1 F ~ t i O . E Q . W T . A . H O . L T . H T O T ) G O  TO 3 0 0  

C OUTER L I Q U I D  AT TOP OF DASKET AND EQUAL TO WETTED HEIGHT MM*kMMNHB10/77 
IF(HO.EQ.WT.A.HO.EQ.tiTOT)GO TO 3 4 0  

C WETTED HEIGHT GREATER THAN L I Q U I D  LEVEL AND BELOW TOP OF BASKET*M~MHB10/77 
IF(WT.GT.HO.A.HO.LT.HtOT)GO TO 3 5 0  

C WETTED HEIGHT GREATER THAN L I Q U I D  LEVEL AND EQUAL TO BASKET HEIGHTMH810/77 
I F ( W T . G T . H O . A . W T . G E . t i T 0 T ) G O  TO 345  
l !RITE(6~200)HO,WTeHTOT 

2 0 0  TORMAT(M FREOR I N  CUPIPUTING HEIGHTS,HO=MFlO.7,M WT=*F10.7,M HTOT=* 
1 F l 0 . 7 )  

GO TO 1 0  
C CASE1 wnww HO.LT.HTOT HO.EQ.WT MMMM Y M M M  

SO0 CALL T A B L ( H O , A L O ~ H T ( 1 ) ~ A R E A ~ 1 ) ~ 1 ~ 1 ~ 1 ~ 1 e I F I A D )  
CALL T A B L ( H I ~ A L I , H T ( l ) ~ A R E A ( 1 ) , 1 ~ 1 ~ 1 ~ I ~ I F B A D )  
IF(NOUT.NE.O)GO TO 350  
ALZALO-ALI 
AV=ATOT-ALO 
IF(NIM.NE.0)  CALL DVCOL 
IF(HIPI.NE.O)GO TO 1 0 0  
:F(HO.GT.HI) CALL FLOW 
IF (HD.LE .H I )  VVZO.0 
QL=AVwVV*OA 
Df IN=AkVV+BXVV**2 
HDPIN=DPINg32.2/(RHOLwG) 
IF(HDPIN.GT.(HO-HI)/lO.)GO TO 3 5 0  
VOREF=qLwDT 
IF(VOREF.GE.VILMAXIG0 TO 1 0 0  
CALL DVCOL 
GO TO 100  

340  A'JIJ=O. 0 
3 4 5  AVzO.0 
3 5 0  I F ( N I R . N E . 0 )  CALL DVCOL 

IF(NIN.NE.O)GO TO 1 0 5  
CALL FLOW 
GO TO 1 0 0  

3007  C!RITE(6e3017)HPULL 
3 0 i 7  FORMAT(# PULLTHROCGH OCCURRED@HPULL=wF9.5) 

GO TO 1 0  
END 



Subroutine DVCOL caloulatea flow when liquid level inrids and ortelde tb etaat basket 
are unequal at the end of the time step and net refilling ooourr, Sorean impingement 
oaloulatlone are included in the pmseure balmoer. Standpipe are- are inoluded tn the 
oaloulation, Convergence oaloulations are performed. 

SUBROUTINE DVCOL 
CALCULATIONS WHEN L I Q U I D  LEVEL I N S I D E  AND OUTSIDE THE START BASKET ARE 
UNEQUAL AT THE END OF THE T IME STEP AND R E F I L L I N G  OCCURS MMHMMMMM*HHB10077 
DVCOL=SUBROUTlNE TO COHPUTE F I N A L  H i A D  WHEN VOREF.LT.VILMAX 
A V l  = I N I T I A L  UNWETTED VAPOR FLOW AREAnFT2 
AV2 = FIEI.4L UNWETT ED VAPOR FLOW AREAnFT2 
CONVI= CONVERGENCE VARIABLE FOR CONTINUITY EQUATION-CURRENT ITERATION 
C O N \ t =  CONVERGENCE VARIABLE FOP C3NTXNUITY EQUATIOH-LAST ITERATION 
CONVERG: CONVERGENCE VARIABLE THAT NUST BE W I T H I N  ZERO +OR-RANOE 
D P I N l =  STORAGE FOR CURRENT DELTA P ITERATION 
DPINZS STORAGE FOR CURRENT DELTA P ITERATION 
DPIN = PRESSURE DIFFERENCE OF GAS INSIDE AND o u t s m  BASKET r w r W w M  
FOR FLOW AND DVCOLPDPIN RUST BE P O S I T i V E  AND THE GAS PRESSURE I N S I D E  
THE BASKET EXCEEDS THE PRESSURE OUTSIDE ?HE BASKET N w w w u r w w H w w w w  
HAL1 = I N I T I A L  DISTANCE FOR L I Q U I D  INFLOWnFT 
HAL2 = F I N A L  DISTANCE FOR L I Q U I D  INFLCUnFT 
H A V L l =  I N I T I A L  DISTANCE FOR VAPOR FLOW INTO L I Q U I D n F T  
HAVL2= F I N A L  DISTANCE FOR VAPOR FLCX INTO L I Q U I D n F T  
HAVW1= I N I T I A L  DISTANCE FOR VAPOR FLOti  ACROSS WETTED SCREENPFT 
HAVW2= F INAL DISTANCE FOR VAPOR FLOW ACROSS WETTED SCREENPFT 
NITER = ITERATIO% COUNTER 
VORl= STORAGE FOR VOREF 
WTlnIJT2=WETTII(S PARAMETERS AT START AND END OF T I M E  STEP 
C O I ~ M O N ~ F L O W ~ A L ~ ~ A L ~ ~ A V ~ , A V ~ ~ C O N V E R C , C O N V ~ ~ C O N V ~ ~ D P I N ~ ~ D P I N ~ P H O L ~ P  

1HOLZsNITER 

REAL K C  
WRITE(6,S) 

5 FORflAT(w 
NITER=O 

SUBROUTINE DVCOLN) 

- - -  - 
V O L X ~ = V O L - V O R E F  

2 0 0  CALL TADL(VILnHILlnVOLI(1),HT(l)~l~l,lnInIFBAD~ 
CALL T A B L ( V O L n H O L l ~ V O L O ( 1 ) n H T ~ l ) ~ 1 n 1 n 1 n I n I F B A D ~  
CALL TABL(VILX2,HIL2~VOLI(1),Hf(l),lnl~lnI~IF~AD~ 
CALL TABL(VOLX2nHOL2nVOLO(1)nHT~1~n1~1~1ni,IFBA5~ 
I F ( H I L 2 . G E . l i T O T ) H I L 2 = H T O T  
I F ( H O L 2 . G E . H T O T ) t i 0 1 2 = H T O T  
IF(HOLI.GE.HTOT)HOLl=HTOT 
CALL f A B L ( H O L l n A V L T 1 n H T ( l ~ n A R E A ( 1 ) , 1 ~ l n l ~ I , I F B A D ~  
CALL T A B L ( H O L 2 n A V L T 2 ~ H T ( 1 ) r A R E A ~ l ) ~ l r l , l , I ~ I F B A D ~  
CALL TABL(HIL1nAVT1nHT(l)tAREA(l)rlll~l~1nInIFBAD~ 
CALL TABL(HIL2nAVT2nHT(l),AREA(i)nlnl,l,l,lFBAD) 

C AREA AND L I Q U I D  LEVEL CALCULATIONS M ~ M ~ M ~ M ~ M ~ ~ ~ M ~ ~ M ~ ~ ~ Y M M M M M W M M M M M M H B ~ O ~ ~ ~  
AVT=(AVTl+AVT2) /2 .  



HO'HOL2 
C  SELECTION OF WETTING C A L C U L A T ~ O N S  M M W M M M M M M W M M W M M W M M M Y Y M Y ~ W M M ~ N M M M M H B ~ O I ~ ~  

IF(HIJ .EQ. l )WT=HO 
IF(HW.€Q.2)WT=HTOT 
IF(HW.EQ. 3 )CALL  SWET 
UT?=WT 
HO=HOLl  
IF fKW.EQ. l )WT=HO 
IF(NW.EQ.t)WT=HTOT 
IF (FW.EQ.3 )CALL  SUET 
WTl=!JT 
CALL T A B L ( W T l , A V W T l ~ H T ( 1 ) , A R E A ( l ~ ~ l , l ~ l F B A D ~  
CALL T A B L ( W T 2 , A V W 1 2 , H T ( l ) ~ A R E A ( l ) ~ 1 ~ 1 ~ 1 ~ I ~ I F B A D ~  
AVl=ATOT-AVWTl  
AVZ=ATOT-AVWT2 

2 0  CONTINUE 
HDPIN:DPIN~32.2/(RHOLMG) 
I F ( N I M . N E . 0 )  GO TO : 
H A V L l = H I L l + t I S  
H A V t 2 = H I L 2 + H S  
GO TO 11 

1 CONTINUE 
C ROUTINE CALCULATES BASKET R E F I L I I N O , S I N I L A R  TO DVCOL- L I Q U I D  LEVELMHB10/77 
C I N S I D E  AND OUTSIDE THE BASK71  UNEQUAL AFTER A  T I K E  STEP - NET MH610 /77  
C  R E F I L L I N G  OCCURS, VAPOR OUTFLOW TO ALLOW L I Q U I D  TO E N T E R u M M ~ ~ * * ~ u ~ ~ M W D ~ O / ~ ~  
C DYNAMIC FRESSURE CALCULATED FROM IMPINGEMENT VELOCITY M * ~ M * * + f f ~ * ~ M M H B 1 0 / 7 7  

WZITE(6 ,6 )  
6 FORf lAT(r  IMPINGEM 

b. DYNANIC PRESSURE CALCULATED FROM IMPINGEMENT VELOCITY ***MM*Mw***WlHB10/77 
DPDYN=AUVO+B&VOMU2 
HDYN=DPDYNq32.2 / (RHOLwG) 
H A V L l = H I L l + H S + H D Y N  
HAVLZ=HIL2+I IS+HDYN 

11 I F ( H A V L 1 . G T  . I IO?1)11AVLl=HOL1 
I F ( H A V L 2 . G T . H O L 2 ) H A V L 2 = H O L 2  
H A L l = t I O L l - I I D P I N  
HAL2ZHOL2-HDPIN 
CALL T A B L ( H A V L l ~ A V L l , H T ( l ~ ~ A R E A ~ l ) , l ~ 1 ~ 1 , I ~ I F B A D ~  
CALL TABL(WkVL2,AVL2,HT(l),AREA(l),l,l,l,I,IFBAD) 
CALL T A B L ( H A L 1 , E L 1 ~ H T ~ 1 ) ~ A R E A ( 1 ) ~ 1 , 1 , 1 , 1 ~ I F ~ A D ~  
CALL TABL(HAL2,4L2~HT(l)~AREA(l),l,l,l,I~IFaAD) 
AVWl=AVWTl-AVLT1 
A V K = A V U 1 2 - A V L T 2  
A L 1 - A L 1 - A V T l  
I F ( A L l . L T . 0 )  AL1:O 
AL2=AL2-AVT2 
I F ( A L Z . L T . 0 1  ALZ=O 
A V L l = A V L T l - A V L 1  
AVLZ=AVLT2-AVL2 
I F ( A V L l . L T . O . ) A V L l = O .  
I F ( A V L 2 . L T . O . ) A V L 2 = 0 .  
I F ( N I H . E Q . 0 )  GO TO 2 
HADL l = H I L l + t i D P I N - H D Y N  
I iADL2=t i IL2+HDPIN-NDYN 
IF(HADL1.GT.HILl)tlADL1=HILl 
I F ( H A D L 2 . G T . H I L 2 ) H A D L Z = H I L l  
I F ( H A D L l . L T . O ) H A D L l = O .  
I F ( H A D L 2 . L T . O ) H A D L 2 = 0 .  
C A L L  ~ A B L ( H A D L ~ , A D L ~ , H T ( ~ ) , A R E A ( ~ ) , ~ , ~ , ~ , I , I F B A D ~  
CALL T A B L ( H A ~ L ~ , A D L ~ , H T ( ~ ) , A R E A ( ~ ) , ~ , ~ , ~ , I ~ I F B A D )  
A D L 3 z A V T l - A D L 1  
AD1 G=AVTZ-ADL2 
ADL lzADL S / 2 .  + A V L T l - A V T 1  
ADL2=ADL4/2.  +AVLT2-AVT2 
I F ( A D L l . l l . O . ) A D L l = O .  
IF (ADL2 .LT .O. )ADLZ=O.  
A D L = ( A D L l + A D L 2 ) / 2 .  

2  CONTINUE 
A V = ( A V l + A V Z ) / 2 .  
AVW=(AVWl+AVU2)/2. 
A V L = ( A V L l + k V L 2 ) / 2 .  
AL = ( A L l * A L 2 ) / 2 .  
IF(DPIN.LE.O.O)VV=VVS=O.O 

A-6 



,. a 
: I C  VAPOR FLOW ACROSS DRY SCREEN*OUT OF BASKET MMH*H H * H S X H H * * * H * H H M * M S M H B ~ O / ~ ~  
i C VVS =VAPOR VELOCITY FOR UNWETTED STANDPIPE H*HH3f*HifN*%*MHB10/77 
. / IF(DPIN.GT.O.O.AND.NST.NE.O)VVS=(-A2+SQRT(A2*~2+4~B2*DPIN))/(2*B2) 

IF(DPIN.GT.O.O)VV=(-A+SQRT(A~*2+4~B*DPIN))/(2HB) 
f IF(NIbl.NE.0) GO TO 3 

t IF(NST.EQ.O)GO TO 8 3  MHB10/77 
IFCDPIN-DPS2.LE.O.)GO TO 8 2  

C VVWS=VAPOR VELOCITY FOR WETTED STANDPIPE H H ~ H H ~ ~ H H ~ H H M H B ~ O / ~ ~  
VVWS=(-A2+SQRT(AZ*X2+4.*BZ*(DPIN-DPS2)))/(2.*B2) MHD10177 

C VVLSZVAPOR VELOCITY FOR STANDPIPE SURROUNDED BY LIQUID *~***fi**MHBl0/77 
VVLS=(-A2+SQRT(A2**2+2.*B2~(DPIN-DPS2)1)~(2.~BZ) MHB10/77 

5 GO TO 8 3  MHB10/77 
8 2  VVWS=O. 
84 VVLS=o. 
83  CONTINUE MHB10177 

IFCDPIN-DPS.LE.O.)GO TO 25 
C VAPOR FLOW ACROSS WETTED SCREEN INTO VAPORsOUT OF BASKET*H***H*H*HMHB10/77 

VVW=(-A+SQRT(A**2+4.*B*(DPIN-DPS)))/(Z.*B) 
VVL=(-A+SQRT(A*#2+2.YB*(DPIN-DPS)))/(Z.*B) 
GO TO 26 

25 VVWZO. 
vvL=o. 

26 CONTINUE 
GO TO 12 

3 CONTINUE 
IF(NST.EQ.0)GO TO 8 7  
IF(DP1N-DPS2.LE.O.)GO TO 86 

C VVWS=VAPOR VELOCITY FOR WETTED STANDPIPE w~w*w~w~rn%xPlHB10/77 
VVGS=(-A2+SQRT(A2&*2+4.xB2w(DPIN-DPS2)))/(2.*BZl MHB10/77 
GO TO 8 7  

86 VVk'S=O.O 
8 7  CONTINUE 

IFCDPIN-DPS.LE.O.)GO TO 23 
C VAPOR FLOW ACROSS WETTED SCREEN INTO VAPOR,OUT OF BASKET******HH**MHB10/77 

VVW=(-A+SQRT(A*Y2+4.SB%(DPIN-DPS)))/(Z.*B) 
GO TO 24 

23 VVW=O.o 
24 CONTINUE 

IFCDPIN-DPS-DPDYN.LE.O.)GO TO 27 
C VAPOR FLOW INTO LIQUID,OUT OF BASKET ~ * * X * ~ % H % * H * * * X H * * % * * * * * * * H * ) i M H B 1 0 / 7 7  
C DYNAMIC PRESSURE USED TO CALCULATE LIQUIP AND VAPOR FLOW H*HR*****NHB10/77 

IF(NST.EQ.O)GO TO 85 MHB10/77 
IFCDPIN-DPS2-DPDYN. LE. 0. )GO TO 8 8  

C VVLS=VAPOR VELOCITY FOR STANDPIPE SURROUNDED BY LIQUID ********PlHi310/77 
VVLS=(-A2*SQRT(A2**2+2.*BZ*(DPIN-DPS2-DPDYN))>/(2.*B2) MHB10/77 
GO TO 8 5  

88 VVLS=O.O 
85 CONTINUE MHB10/77 

VVL=(-A+SQRT(AY*2+2.*BW(DpIN-DPS-DPDYN)))/(Z.EB) 
GO TO 31 

27 VVL=O. 
31 CONTINUE 
12 CONTINUE 

HOPIN=Z.*HDPIN 
IF(HOL1-HIL1+HOL2-HIL2-HOPIN.LE.O.)GO TO 28 

c LIQUID FLOW INTO VAPOR,INTO BASKET ~ w w x ~ % w ~ ~ ~ ~ ~ ~ ~ ~ ~ * * * ~ ~ n * * * ~ ~ * * * * N H B 1 0 ~ 7 7  
VL=(-Y+SQRT(YX*2+ Z*(HOLl-HIL1+HOL2-HIL2-2.*HDPIN)*RHOL*G/32.2)) 

1/(2.*Z) 
C LIQUID FLOW INTO 1IQUID.INTO BASKET x ~ n ~ w * w ~ ~ w w ~ w ~ r ~ w ~ ~ w ~ ~ x ~ ~ X W ~ ~ ~ M H B 1 0 / 7 7  

V T = ( - Y + S Q R T ( Y ~ * ~ + ~ . * Z * ( H O L ~ - H I L ~ + H O L L - H I L ~ - ~ . * H D P I N ) ~ R H O L * G ~ ~ ~ . ~ ) )  

29 CONTINUE 
c H * * X  CONVERGENCE CALCULATIONS HHH*X*HHXH%*XK*HHHKWYN**%*R*%WHXHHW* 

DPINl=DPIN 
IF(NST.EQ.0.AND.H:M.EQ.O) GO TO 9 3  
IF(NST.EQ.O.AND.NIM.NE.0) GO TO 103 
HI=(HILl+HIL2)/2. 
CALL STAND 



Q V O = A V R ~ V V + A V S ~ V V S t A V W R ~ v V W + A V W S * V V W S + A V L S * V V L s + A V L R * V V L  
GO TO 99 MHB10177 

93 CONTINUE MHB1017 7 
C O H V E R G = ( A V ~ + A V ~ ) * V V + ( A V W ~ + A V L J ~ ) * V V W + ( A V L ~ + A V L ~ ) * V V L - C A L ~ + A L ~ ) * V L -  

1AVTNVT -..-. 7 .  

Q V O = A V * V V + A V W * V V W + A V L * V V L  
09 CONTINUE 

Q o = o .  
IF(NOUT.NE. O I C A L L  OUTFLOW 
Q I t I = V L ~ ( A L l + A L 2 ~ * O A / 2 . + V T * A V T * O A  
QLZQIN 
GO TO 13 

4 CONTINUE 

Q V O = A V R ~ V V + A V S ~ V V S + A V W R * V V W + A V W S W V V W S + A V L S * V V L S + A V L R ~ V V L  
GO TO 9s 

103 CONTIKUE 
C G C V E R G = ( A V l + A V 2 ) * V V + ( A V W l + A V W 2 ) * V V W + ( A V L l + A V L 2 ) U V V L - ( A L l + A L 2 ) * V L  

l-(ADLl+ADL2)~V0-2.*AVT*VT 
C V O = A V ~ V V t A V l d ~ V V W + A V L ~ V W L  

98 CONTINUE 
IF(NOUT.EQ.O)QO=O. 
IF(NOU1.NE.O)CALL OUTFLOW 
Q I ~ ~ = ( A D L ~ + A D L ~ ) ~ ~ A ~ V O ~ ~ A L ~ + A L ~ ) ~ O A * V O + A V T * V T * O A  
QIN=QIN/2 

13 CONTINUE 
IF(N1TER.GT.l)GO TO 7 3  
IF(QO.EQ.O.)GO TO 7 3  

C DETERMIHES IF NET BASKET OUTFLOW EXISTS ***R*****~**~**X**********MHB~O/~~ 
IF(G0.GT.QIN)GO TO 71 

7 3  CONTINUE 
CONVERG=CONVERG*OA/2+QO 
CONVl=CONVERG 
IF(CONVERG.EQ.O..A.VL.EQ.O.)GO TO 35 
IF(ABS(CONVERG).LT.RANGE)GO TO 4 0  

35 CONTINUE 
IF\NITER.EQ.O)GO TO 30 
IF(WT.LT.HTOT.OR.NDR.EQ.1) G O  TO 36 
HCH~(HOL1+HOL2-HIL1-HIL2)/2. 
IF(HX.GE.HCI1)GO TO 37 

36 CONTIIiUE 
IF(NITER.GE.75)GO TO 300 
IF(CONVl.EQ.CONV2)GO TO 30 
)iITER=NITER+l 
IF(NITCR.GT.1O)CALL DIAGNOS 
i~PIN=(DPIN2~CONV1-DPINl~CONV2)~(CONVl-CONV2~ 
HDPIN=D?IN~32.2/RHOL/G 
I F ( & W . E Q . 2 . A N D . N D R . N E . l )  GO TO 4 3  
I F ( K T . G E . H T O T . A N D . N D R . N E . 1 )  GO TO 4 3  
IF(AVS.NE.0) GO TO 41 

4 3  CONTINUE 
HOPIN=HDPINf2. 
IF(YOPIN.GT.(HOL1-HILltHOL2-HIL2))HOPIN=HOLl-HILl+HOL2-~~IL2-~HOL~~ 

1HILl+HOL2-HIL2-HX)~(NITER*10000) 
HDPIN=HOPIN/Z. 
IF(W~PItJ.LE.HX)HDPIt.I~HX+(HOL1-HIL1+HOL2- HIL2-HX)/(NITER*10000) 
GO TO 4 2  

41 IF(CPIN.LE.O.)HDPIN=l./(NITER*lO) 
4 2  CONTINUE 

DPIN=HDPINHRHOL*G/32.2 
CONV2=CONVl 
DPINZZDPINl 
GO TO 20 



30 DPINZ=DPINl 
CON\G?=CONVI 

f NXTER=NITER+l 
p" 

IF(NITER.GT.1O)CALL DIAGNOS 

i DFIN=DPJN/2. 
H D P X N = D P I N U ~ ~ . ~ / ( R H O L W )  

: IF(NITER.EQ.~.A.WT.GE.HTOT.A.HX.NE.O.)HPPIN=HX 
1 . DPIN=HDPINwRHOLrG/32.2 

. GO TO 20 
40 CONTINUE 

. ,  c rnw OUTFLOW RATE CALCULATION ~ ~ w u r u ~ w w w w r r r r w ~ ~ r ~ w ~ ~ ~ ~ ~ ~ ~ ~ ~ w ~ w w ~  
. IF(NIH.NE.0) GO TO 7 

a L QL=(ALl+AL2)/2.~VL*OA+VT*AVT*OA 
VOREF=QL*DT 
,GO TO 14 

7 CONTINUE 
QL=(ALl+AL2)~2.*VL*OA+CADLl+ADL2)/2.*VO*OA+VT*AVT*OA 
VOREF=QL*DT 

IF(NOUT.NE.O)CALL OUTFLOW 
14 CONTINUE 

IF(ABS(V0REF-VOR1). LE.RAN(iE)GO TO 72 
VOREF=(VOREF+VOR1)/2. 
IF(NITER.GT.1O)CALL DIAGNOS 
GO TO 10 

37 IF(NDUT.NE.O)GO TO 71 
WRITE(6P38) 

38 FORMAT(* HS IS GREATER THAN HOLl-HILl+HOL2-HILZ* NO SOLUTION FO 
1R HDPIN*) 
VOREFZO. 
IF(VOLOUT.NE.O.)GO TO 7 2  
IF(CHOLl.LT.HTOT).A.(VOL+VIL.LT.CVOL))GO TO 72 

C GO TO JUMP*TRANSFER CONTROL TO MAIN PROGRAM-STATEMENT 10. IN ORDERNHBl0/77 
C TO RESTART A NEW CASE % % ~ ~ H H % % # % % % % X X ~ ~ ~ ~ ~ Y H % Y Y f Y W ) t ~ Y Y # * % Y I Y ~ ) t % % ~ H ~ H B ~ O / ~ 7  

GO TO JUflP,(PO) 
301 FORMAT(* TOO MANY ITERATIONS IN SUBROUTINE DVCOL r) 
300 WRITE(6s301) 

GO TO JUMP,(20) 
71 CALL IMPOUT 
72 RETURN 

END 



SUBROUTINE FLOW 

Subroutine FLOW calculates flow when the liquid level inside and outside the basket are 
equal at the end of the time step. (Generally, subroutine FLOW would only be used if 
collection was complete, the screens surrounded by vapor were dry, o r  the flow rate 
across screens was relatively high aoneidering the time step. ) Net refilling ocoure. 
Dynamic pressure (screen impingement) effeots are not tncludsd. &uidpipe areas are  
included in the calculation. Convergence calculations are  pewformedm 

SUBROUTINE FLOW 
CALCULATIONS WHEN L I Q U I D  LEVEL I N S I D E  AND OUTSIDE THE START BASKET ARE 
EQUAL AT THE END OF THE T I M E  STEP AND R E F I L L I N G  OCCURS * *X** * * * * *WHB10/77  
CONVl= CONVERGENCE VARIABLE FOR CONTINUITY EQUATION- CURRENT I T E R A T I O N  
CONV2= CONVERGENCE VARIABLE FOR CONTINUITY EQUATION- LAST I T E R A T I O N  
COKVERG=CONVERGENCE VARIABLE FOR CONTIKUITY EQUATIONIZERO REQUIRED 
D P I N l =  STORAGE FOR CURRENT DELTA P ITERATION 
DPIN2= STORAGE FOR LAST DELTA P ITERATION 
FOR FLOW AND DVCOLIDPIN MUST BE P O S I T I V E  AND THE GAS PRESSURE I N S I D E  
THE BASKET EXCEEDS THE PRESSURE OUTSIDE THE BASKET * * * * * * * * * * *x*ss  
HAL = HEIGHT UHERE L I Q U I D  INFLOW OCCURSrFT 
HAVL= HEIGHT WHERE VAPOR FLOWS ACROSS SCREEN SURROUNDED BY L I Q U I D I F T  
HAVW= HEIGHT WHERE VAPOR FLOW OCCURS ACROSS WETTED SCREENIFT 
NITER = ITERATION COUNTER 
COP:r'lON/DVCOL/AST r A 2 r B 2 r  RANGE 
C O ~ ~ M O N / F L O Y ~ A ~ ~ ~ A L ~ ~ A V ~ ~ A V ~ ~ C O N V E R G ~ C O N V ~ ~ C O N V ~ ~ D P I N ~ ~ D P I N ~ I H O L ~ P  

lHOL2,NITER 
C O M M O N ~ I M P I N G E ~ A , A R E A ~ 2 0 ) , A T O T r B I N D R , N I M p N W ~ V O L O ~ 2 O ~ ~ Y ~ Z  
C O N M O N ~ I M P O U T ~ C V O L ~ D P S ~ H D P I N ~ H P L 1 L L ~ V O L  
C O H M O N ~ I N P U T ~ D T ~ G ~ H T ( ~ O ~ ~ H T O T ~ I ~ K C ~ N O U T ~ N S T I O A ~ Q P I R H O L I S I G M A I  

l V O l I ( 2 0 )  
C O ~ M O N ~ R E F I L L ~ A L ~ A V ~ A V W . D P I N ~ D P S ~ ~ H I ~ H I L ~ ~ H I L ~ ~ H O ~ H S ~ H X ~ J U ~ ~ I Q L ~  

1 Q O ~ T ~ V C L r V I L ~ V I L M A X ~ V O ~ V O L O U T ~ V O R E F . V V . W T  

REAL KC 
k 'R ITE(6 ,5 )  

5 FORMAT(% SUBROUTINE FLOWX) 
NITERZO 
IF(NOUT.NE.O)DPIN=O.OOl 
IF(DPIN.EQ.O.)DPIN=0.5w(HO-HI)I32.Z*G~RHOL 
HDPIN=DPIN*32.2/(RHOL~G) 

C AREA AND L I Q U I D  LEVEL CALCULATIONS ****%%%%*SH*%%***N****WX*****Y*MHB10/77 
1 0  CALL TABL(WTrAVWT,HT(l)rAREA(l)rltltltI,IFBAD) 

CALL T A B L ( H ~ ~ ~ V L T ~ H T ( ~ ) ~ A R E A ~ ~ ) ~ A ~ ~ ~ ~ ~ I ~ I F B A D ~  
CALL T A B L ( H I ~ A V T ~ ! i T ( l ) t A R E A ( l ) r l ~ l ~ l ~ I ~ I F B A D )  
AVZATOT-AVWT 
AVW=AVWT-AVLT 

2 0  CONTINUE 
HAVL=f'I+HS 
IF(HAVL.GT.HO)HAVL=HO 
HAL=HO-HDPIN 
CALL T A B L ( H A V L r A V L ~ W T ( 1 ) , A R E A ( I ) t 1 ~ 1 t l r I t I F B A D ~  
CALL TABL(HALtAL,HT(l)~AREA(l)pl~ltl,I1IFBAD) 

IF (DPIN.LE.O. )GO TO 2 1  
IF(AV.EQ.O.)GO TO 2 1  
IF(NST.EQ.O)GO TO 8 0  MHB10/77 

C VVS =VAPOR VELOCITY FOR UNWETTED STANDPIPE * % n w 1 c % * w ~ ~ r r M W B 1 0 / 7 7  
b V S = ( - A 2 + S Q R T ( A 2 # % 2 + 4 . W ( D P I N ) ) ) / ( 2 . % B .  M H B l O I 7 7  

8 0  COKTINUE MHB10/77 
C VAPOR FLOW ACROSS DRY SCREENIOUT OF BASK"' * M H H H S * * * * * * * % H % % * H * * X X M H B ~ O / ~ ~  



VV=t-A+SQRT(A**2+9.*B*(DP1N)))0(ZZ*B) 
GO TO 22 
vv=o. 
vvs=o. 
CONTINUE 
IF(NST.EQ.O)GO TO 83 MHB10/77 
IF(DP1N-DPSZ.LE.O.)GO TO 8 2  
VVRS=VCPOR VELOCITY FOR WETTED STANDPIPE wwwwrwwwwwwrN~Bl0/77 
VVMS=(-A2+SQRT(A2**2+4.*B2*(DPIN-DPS2)))/(2.*B2) MHB10/77 
VVLS=VAPOR VELOCITY FOR STANDPIPE SURROUNDED BY L IQUID  *H******MttB10/77 
VVLS=(-A2+SQRT(A2**2+2.*B2*(DPIN-DPS2)))/(2.*B2) MHB10/77 
GO TO 8 3  MHB10/77 
vvws=o. 
vvLS=O. 
CONTINUE MHB10/77 
IF(DP1N-DPS.LE.O.)GO TO 25 
VAPOR FLOW ACROSS WETTED SCREEN INTO VAPOReOUT OF BASKET***H******MHBlO/77 
VVW=(-A+SQRT(A*s2+4.*B*(DPIN-DPS)))/(2.*B) 
IF(AVW.EQ.O.)VVW=O. 
VAPOR FLOW INTO LIQUIDeOUT OF BASKET *******************~*********RHB10/77 
VVL=(-A+SQRT(A**2+2.aB*(DPIN-DPS)))0(2.*B) 
GO TO 26 
vvw=o. 
vvL=o. 
CONTINUE 
IF(H0-HI-HDPIN.LE.O.)GO TO 28 
L IQUID  FLOW INTO VAPOR,INTO BASKET ************************H******MHB10/77 
VL=(-Y+SQRT(Yu*2+2.*Z*(HO-HI-HDPIN)*RHOL*G/32.2))/(2.*Z) 
L IQUID  FLOW INTO LIQUID,INTO BASKET *~*********************H***X**MH810/77 
VT=(-Y+SQRT(Y**2+4.*Z*(HO-HI-HDPIN)~RHOL*G/32.2))/(2.*Z) 
GO TO 29 
VL=0. 
VT=O. 
CONTINUE 
aw*u CONVERGENCE CALCULATIONS **r**rw+w*w*****swrw***********)t***w** 
DPINl=DPIN 
IF(NST.EQ.OIG3 TO 93 MHB10/77 
CALL STAND 
CONVERG=AVR*VV+AVS*VVS+AVWR*VVW+AVWS*VVWS+AVLR*VVL+AVLS*VVLS-ALHVLMHBlO/77  

GO TO 99 MHB10/77 
CONTINUE MHB10/77 
CONVERG=AV%VV+AVW%VVW+AVL*VVL-AL*VL-VT*AVT 
Q V O = A V * V V + A V W * V V W + A V L * V V L  
CONTINUE MHB10/77 
Q O = o .  
IF(NOUT.NE.O)CALL OUTFLOW 
QIN=AL*VL*0A+OA*vTwAVT 
QLZQIN 
IF(NITER.GT.1)GO TO 7 2  
IF(QO.EQ.O.)GO TO 7 2  
PETERMINES I F  NET BASKET REFILL EXISTS r*ww~~~*rn*****H***~*****%MHBlO/77 
IT(QO.GT.QIN)GO TO 7 1  
NO VAPOR OUTFLOW w * w % s ~ s w r w * H H * ~ * w w w ~ ~ * ~ ~ s n ~ * ~ * W * * W Y * % * * Y * * ~ S * * * * * M H B l 0 / 7 7  
CONTINUE 
CONVERG=CONVERG*OA+QO 
CONVl=CONVERG 
IF(ABS(CONVERG).LE.RANGE)GO TO 40 
IF(NITER.EQ.O)GO TO 30 
IF!WT.GE.HTOT.A.HX.GE.HO-HIIGO TO 37  
IF(NITER.GE.75)GO TO 300 
IF(CONY1.EQ.CONVZ)GO TO 30  
NITER=RITER+I 
IF(NITER.GT.1O)CALL DIAGNOS 
DPIN=(DPIN2~CONV1-DPIN1*CONV2)~~CONV1-CONV2~ 
HDPIN=DPIN*32.2/(RHOLHG) 
IF(NW.EQ.2.AND.NDR.NE.l) GO TO 4 3  
IF(WT.GE.HTOT.AND.NDR.NE.1) GO TO 4 3  
IF(AV.NE.0. )GO TO 4 1  



CONTINUE 
IF(HDPIN.LE.HX)HDPIN=HX+~HO-HI-HX)/(NITER*lOOOOO~ 
IF(HDPIN.GT.(HO-HI))HDPIN=(HO-HI)-(HO-HI-HX~~~NITER*lOOOO~ 
GO TO 4 2  
IF(DPIN.LE.O.)HDPIN=1./(NITER*lO) 
CONTINUE 
IF(NITER.EQ.25.AND.ABS(HX-HDPIN).LT.HX/lO HDPIN=2wHDPIN 
DPIN=HDPIN*RHOL*G/32.2 
CONVZ=CONV 1 
DPIN2=DPIN1 
GO TO 2 0  
D P I N Z = D P I N l  
CONV2=CONVl 
N I T E R = N I T E R + l  
IF(NITER.GT.1O)CALL DIAGNOS 
DPIN=DPIN/2.  
HDPIN=DPIN*32.2/(RHOL*G) 
IF(NITER.EQ.l.A.WT.GE.HTOT.A.HX.NE.O.)HDPIN=HX 
L?PIN=HDPIN*RHOL*G/32.2 
GO TO 2 0  
CONTINUE 
8 %  OUTFLOW R A T E  CALCULATION *rww*r*rrwrw*wrwrrw**w**~Y***Y**Saw 
QL=ALHVLrOA+AVT*VTgOA 
VOREF=QLSDT 
IF(NITER.GT.1O)CALL DIAGNOS 
IF(VOREF.LT.VILMAXIG0 TO 7 7  
GO TO 2 7 0  
CALL DVCOL 
GO TO 2 7 0  
IF(NOUT.NE.O)GO TO 7 1  

WRITE(6.38) 
FO?IAT(* HS I S  GREATER THAN HO-HI, NO SOLUTION FOR HDPINN) 
"JREF=O. 
IF((HC.LT.HTOT).A.(VOL+VIL.LT.CVOL))GO TO 2 7 0  
IF(VOLOUT.NE.0. )GO TO 2 7 0  
GO TO JUMP,TRANSFER CONTROL TO M A I N  PROGRAM-STATEMENT 10 ,  I N  ORDERMHB10/77 
TO RESTART A NEW CASE * * X * X N * N * S ~ * H * * * H * * S W * W W * W ) t W * X * * S S * W X W H * * * X X M H B l O / 7 7  
GO TO JUMP,(20) 
WRITE(6,301)  
FORMAT(* TOO MANY ITERATIONS I N  SUBROUTINE FLOW *) 
GO TO JUMP,(ZO) 
CALL IMPOUT 
RETURN 
E N D  



SUBROUTINE IMPOUT 

Subroutine IMPOUT perfoms flow caloulattons wben liquid levels inside and outside the 
basket are unequal after a time step and net outflow fr& the basket occurs. (The basket 
is being drained rather than refilled. ) A separate subroutine is needed for net outflow 
because the pressure differences inside and outside the basket are reversed compared to 
that when net refilling is occurring. Pressure of the vapor inside the basket is greater 
than the pressure outside the basket. Dynamic pressure (screen impingement) effects 
are not included. Standpipe areas are included in the calculations. Convergence 
calculations are performed. 

SUBROUTINE IMPOUT 
ROUTINE CALCULATES BASKET R E F I L L I N G , S I M I L A R  TO DVCOL- L I Q U I D  LEVELMHB10/77 
I N S I D E  AND OUTSIDE THE BASKET UNEQUAL AFTER A T I N E  STEP - NET MHB10/77 
OUTFLOW OCCURS,CREATING VAPOR INFLOW TO REPLACE L I Q U I D  LEAVING *w*MHB10/77 
DYNAMIC PRESSURE USED TO CALCULATE L I Q U I D  AND VAPOR FLOW **H**H*H*NHBlO/77 
FOR IMPOUT A P O S I T I V E  VALUE OF D P I N  AND HDPIN MEANS THAT GAS PRESSURE 
I N S I D E  THE BASKET I S  LESS THAN GAS PRESSURE OUTSIDE THE BASKET-THIS 
I S  OPPOSITE TO THE SIGN CONVENTION USED I N  DVCOL AND FLOW. 
DVCOL=SUBROUTINE TO COMPUTE F I N A L  HEAD WHEN VOREF.LT.VILMAX 
AV1 = I N I T I A L  UNWETTED VAPOR FLOW AREASFT2 
AV2 = F INAL UNWETTED VAPOR FLOW AREApFTZ 
CONVl= CONVERGENCE VARIABLE FOR CONTINUITY EQUATION-CURRENT ITERATION 
COEV2= CONVERGENCE VARIABLE FOR CONTINUITY EQUATION-LAST ITERATIOP 
CONVERGZ CONVERGENCE VARIABLE THAT MUST BE W I T H I N  ZERO +OR-RANGE 
D P I N l =  STORAGE FOR CURRENT DELTA P ITERATION 
DPIN2= STORAGE FOR CURRENT DELTA P ITERATION 
DPIN = PRESSURE DIFFERENCE OF GAS INSIDE AND OUTSIDE BASKET nn**** 
HAL1 = I N I T I A L  DISTANCE FOR L I Q U I D  INFLOWrFT 
HA12 = F INAL DISTANCE FOR L I Q U I D  INFLOW,FT 
H A V L l =  I N I T I A L  DISTANCE FOR VAPOR FLOW INTO L IQUIDPFT 
HAVL2= F INAL DISTANCE FOR VAPOR FLOW INTO L I Q U I D r F T  
HAVWl= I N I T I A L  DISTANCE FOR VAPOR FLOW ACROSS WETTED SCREENtFT 
HAVW2= F INAL DISTANCE FOR VAPOR FLOW ACROSS WETTED SCREENtFT 
NITER ZITERATION COUNTER 
VORl= STORAGE FOR UOREF 
WTl,I4TZ=WETTING PARAMETERS AT START AND END OF T I M E  STEP 
COHPlON/DVCOL/AST t A2r 8 2  r RANGE 
C O ~ ~ M O N ~ F L O W ~ A L 1 r A L 2 r A V 1 , A V 2 ~ C O N V E R G ~ C O N V l ~ C O N V Z ~ D P I N l ~ D P I N 2 ~ H O L l ~  

lHOL2,NITER 
C O N N O N ~ I M P I N G E / A , A R E A ( 2 0 ) ~ A T O T ~ B ~ N D R ~ N I M ~ N W ~ V O L O ~ 2 O ~ ~ Y ~ Z  
C O N f l O N ~ I N P O U T ~ C V O L ~ D P S ~ H D P I N ~ H P U L L r V O L  
C O M M O N ~ I N P U T / D T ~ G p H T ( 2 0 ) ~ H T O T , I ~ K C , N O U T ~ N S T ~ O A ~ Q P ~ R H O L ~ S I G ~ A ~  

l V O L I ( 2 0 )  
C O M M O N ~ R E F I L L / A L r A V ~ A V W r D P I N ~ D P S 2 , H I , H I L l ~ H I L 2 ~ H O ~ H S ~ H X r J U N P ~ Q L ~  

l Q O r T r V C L ~ V I L , V I L M A X ~ V O ~ V O L O U T , V O R E F I V V , W T  
COFTMON/STAND/AVLR, AVR r AVIJR 
C O P i M O N / W R I T / A D L , A V L , A V L S , A V S , A V T , A V W S , H D Y N , V L , V T , V V L , V V L S , V V S , V V W ,  

lVVWS 
COMMON/INFILL/CVI(20),DBP,DBP2,HCOL(20)rHPT~lO~rJ~K~MPROP~MR~MVEH~ 

1 N , N G ~ N S , N S P ~ Q O U T ( 1 0 ) ~ T C ( 2 0 ) r T H R S T ~ T I M ( 2 O ~ ~ T I T L E ~ 7 ~ r V I L I ~ V T O T ~ 2 0 ~  
REAL KCsMPROP,MR*MVEH 
U R I T E ( 6 p 5 )  
FORMAT ( w  
NITERZO 
DPIN=0.001  

SUBROUTINE IMPOUT *)  

.- - 

V O L X ~ = V O L - V O R E F  
CALL T A E L ( V I L ~ H I L 1 r V O L I ( 1 ) ~ H T ~ 1 ) ~ 1 ~ 1 ~ 1 , I ~ I F B A D ~  
CALL T A B L ( V O L , H O L l r V O L O ( 1 ) , H T ( l ) , l ~ l ~ 1 ~ I ~ I F B A D ~  
CALL TABL(VILX2~HIL2,VOLI(l)rHT(l),l,l~1~I~IF0AD~ 
CALL T A B L ( k ? , H P U L L . Q O U T ( l ) . H P T ( l ) . l , l ~ l ~ J , I F B A D )  
I F ~ ~ N O U T . N E . O ~ . A . ~ H I L ~ . L E . H P U L L ~ ~ G ~ ~ T O ~ ~ O ~ ~  
CALL TADL(VOLX2~HOL2~VOLO(1),HT(l)rl,l,l,I,IFBAD) 



C DYNAMIC PRESSURE INCLUDED I N  FLOW CALCULATIONS ****N*****N********MHb10/77 
DPDYN=A*VO+B*VO*N2 
HDYN=DPDYN*32.2/(RHOLHG) 
IF(HIL2.GE.HTOT)HIL2=HTOT 
I F ( H O L 2 .  GE.IiTOT)HOL2=HTOT 
I F ( H O L 1  .GE.IITOT)HOLl=HTOT 

c AREA AND L I Q U I D  LEVEL CALCULATIONS ~ ~ ~ H M * * ~ w * M M H * M M * N * N I * I * * * M M * * M ~ M H B ~ O / ~ ~  
20 IF(DPIN.EQ.O.)DPIN=HS/(NITER+l) 

HDPIN=DPIN*32.2/(RHOl*G) 
H A L l = H O L l + H D P I N  
HAL2=HOL2+HDPIN 
IF(HDPIN.GT.O.)HALl=HOLl 
IF(HDPIN.GT.O.)HAL2=HOL2 
CALL T A B L ( H A L l ~ A V L T 1 , H T ( 1 ) ~ A R E A ( l ) ~ 1 ~ 1 ~ 1 ~ I ~ I F B A D ~  
CALL TABL(HAL2~AVLT2~HT(l),AREA(l)~l~l,l,I,IFBAD~ 
CALL T A B L ( H O L 1 ~ A V L J 1 ~ H T ( 1 ) ~ A R E A ( l ) ~ 1 ~ 1 ~ l ~ I ~ I F B A D ~  
CALL TABL(HOL2~AVLJ2,HT(l)~AREA(l),1,1~1~I,IFBAD) 
CALL TABL(HILlrAVTl,HT(l),AREA(l),l,l~l,I~IFBAD) 
CALL T A B L ( H I L 2 ~ A V T 2 ~ H T ( l ) ~ A R E A ( l ) ~ l ~ l r l r I ~ I F B A D )  
AVT=(AVTl+AVT2) /2 .  
HOzHOL2 
IF(HO.GT.HTOT)HO=HTOT 
IF(NW.EQ.l)WT=tiO 
IF(NW.EQ.P)WT=HTOT 
IF(NW.EQ.3)CALL SUET 
WT2=WT 
HO=HOLl 
IF(HO.GT.HTOT)HO=HTOT 
IF(NW.EQ.l)WT=HO 
IF(NW.EQ.2)WT=HTOT 
IF(NW.EQ.3)CALL SWET 
WTl=WT 
CALL T A B L ( W T 1 , A V W T 1 ~ H T ( l ) ~ A R E A ( l ) p l r l p l ~ I ~ I F B A D ~  
CALL TABL(WT2,AVWT2,HT(l)rAREA(l)rl,l,l~I,IFBAD) 
AV1 ZATOT-AVWT1 
AVP=ATOT-AVWTZ 
A V W l = A V W I l - A V l J l  
AYKZ=AVWT2-AVLJ2 
AL l 'AVLT l -AVT1 
I F ( A L 1 . L T . O )  AL l=O 
AL2ZAVLT2-AVTZ 
I F ( A L 2 . L T . O )  AL2=0 
HDL l=HIL l -HDPIN-HDYN 
HDLZ=HIL;I-IiDPIN-HDYN 
I F ( H D L l . L T . O . ) H D L l = O .  
IF (HDL2.LT .O.  )HDL2=O. 
CALL T A B L ( H I L l , A V L l ~ H T ( l ) , A R E A ( 1 ! ~ 1 ~ 1 ~ l ~ I ~ I F B A D ~  
CALL T A B L ( H I L 2 ~ A V L 2 ~ H T ( 1 ) r A R E A ( l ) ~ l ~ 1 ~ 1 ~ I ~ I F B A D ~  
CALL T A B L ( H D L 1 , A D L 1 ~ H T ( 1 ) ~ A R E A ~ l ) , l ~ l , l ~ I ~ I F B A D ~  
CALL TABL(HDL2,ADL2,HT[l),AREA(l)rl,l,l~l~I~IFBAD) 
ADL3ZAVLl-ADL1 
ADL4zAVL2-ADL2 
ADL l 'AVLT l -ADL1 
ADL2zAVLT2-ADL2 
I F ( A D L l . L T . O . ) A D L l = O .  
IF (ADL2.LT .O. )ADL2=0.  
ADL=(ADLl+ADL2)/2.+(ADL3+ADLQ)/4. 
AV=(AVl+AV2) /2 .  
AVW=(AVWl+AVW2)/2. 
AL = ( A L l + A L 2 ) / 2 .  
HDPIN=DPINH32.2/(RHOL*G) 
IF(DPIN.LE.O.)GO TO 2 1  

C VAPOR FLOW ACROSS DRY SCREEN,OUT OF BASKET *M***~**M*******MH***~*MHB~O/~~ 
IF(NST.EQ.O)GO TO 80 M H B l O l 7 7  

C VVS =VAPOR VELOCITY FOR UNWETTED STANDPIPE ~ ~ ~ w r i 6 w w * ~ r w N H B 1 0 / 7 7  
V S=(-A2+SQRT(A2**2+4.*B2*(DPIN)))/(2.*B2) "4 MHB10177 

S=-VVS MHB10/77 
80 CONTINUE N H B l 0 / 7 7  

VV=(-A+SQRT(A**2+4.*B*(DPIN. ) / ( 2 . * 0 )  
vv=-vv  
GO TO 22 
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21 vv=o. 
vvs=o. 

22 CONTINUE 
IF(NST.EQ.O)GO TO 8 3  MHB10/77 
IF(DP1N-DPS2.LE.O.)GO TO 8 2  

C VVWS=VAPOR VELOCITY FOR WETTED STANDPIPE w w r r w w w n w w r ~ ~ ~ ~ 1 0 / 7 7  
VViJS=(-A2+SQRT(A2Mw2+4.MB2H(DPIN-DPS2)))/(2.HB2) MHB10/77 
VVWS=-VVWS MHB10/77 
GO TO 83 MHB10/77 

8 2  VVWS=O. MHBl0177 
83 CONTINUE MHB10/77 

IF(DP1N-DPS.LE.0. )GO TO 25 
C VAPOR FLOW ACROSS WETTED SCREEN INTO VAPOR,OUT OF BASKETn*wHwwww**MHB10/77 

VVW=(-A+SQRT(A*M2+4.*Bw(DPIN-DPS)))/(2.MB) 
vvw=-VVW 
GO TO 26 

25 VvW=O. 
26 CONTINUE 

HOPIN=2.*HDPIN 
IF(HOL1-HILl+HOL2-HIL2+HOPIN.LE.O.~GO TO 28 

C LIQUID FLOW INTO VAPORPINTO BASKET * H ~ N ~ N N ~ M ~ ~ ~ ~ ~ ~ M ~ ~ ~ ~ H N N I W ~ N ~ W ~ H M H B ~ O / ~ ~  
VL=(-Y+SQRT(Yn*2+ Z~(HOL1-HIL1+HOL2-HIL2+2.~HDPIN)~RHOL~G/32.2~~ 

1/(2.WZ) 
C LIQUID FLOW INTO L I Q U I D ~ I N T O  BASKET * N H N ~ * H N ~ * N ~ S ~ ~ N * * ~ * * * W ~ N N W N H W M H B ~ O / ~ ~  

VT=(-Y+SQRT(Y~~2+2.~Z~(HOL1-HILl+HOL2-HIL2+2.~HDPIN~~RHOL~G~32.2~~ 
1/(2.Nt) 
GO TO 29 

28 VL=O. 
VT=O. 

29 CONTINUE 
c sN*w CONVERGENCE CALCULATIONS ~ M ~ ~ H N H H H H H H X ~ ~ ~ M ~ ~ Y W ) I N H W H Y W ~ W N ~ M W ~ ~  

DPINl=DPIN 
IF(NST.EQ.O)GO TO 93 NHB10/77 
HI=(HILl+HIL2)/2. 
CALL STAND 
C O N V E R G = A V R ~ V V + A V S * V V S + A V W R % V V W + A V W S * V V W S - A L V L - A D L V O O - V T A V T  MHBlO/7 
GO TO 99 MHB10177 

93 CONTINUE MHB10/77 
CONVERG=AVxVV+AVWNVVW-ALWVL-ADLgVO+QO-VT*AVT 

99 CONTINUE MHB10177 
Q L = ( A L l + A L 2 ) / 2 . * V L * O A + ( A D L l + A D L 2 ) / 2 . ~ V O ~ O A + A V T ~ V T ~ O A  
CONVERG=(CONVERG-QO)*OA+QO 
CONVl=CONVERG 
IF(CONVERG.EQ.O..A.VL.EQ.O.)GO TO 35 
IF(ABS(CONVERG).LT.BANGE)GO TO 40 

35 CONTINUE 
IF(NITER.EQ.O)GO TO 30 
IFiNITER.GE.75)GO TO 300 
IF(CONVl.EQ.CONV2)GO TO 30 
NITER=NIT ER+1 
IF(NITER.GT.1O)CALL DIAGNOS 
DPIN=~DPIN2~CONV1-DPINl~CONV2)/(CONV1-CONV2~ 
CONV2=CONVl 
DPINZ=DPINl 
DXZDPSZ 
IF(NST.EQ.O)DX=DPS 
IF(DPIN.LT.O..A.DPIN.LT.-DX)DPIN=-DX+DX~~NITER*l~~ 
HDPIN=DPIN~32.2/RHOL/G 
GO TO 20 

30 DPINZ=DPINl 
CONV2=CONVl 
NITER=NITER+l 
IF(NITEK.GT.1O)CALL DIAGNOS 



300  G R ~ i E ( i ; s o i )  
3 0 1  FORfl;\T (*  T 0 0  MANY ITERATIONS I N  SUBROUTINE IHPOUTM) 

GO T O  JUMPe(20)  
5 0 2  WRXTE(6,303)I(PULL 
3 0 3  FORMAT(* L I Q U I D  LEVEL BELOW PULLTHROUGH HEIOHTrHT=*FP.S)  

GO TO JUNP, ( 2 0  1 
72 RETURN 

END 



! A l l  inputs are deflned and formattec 
Comment oards deftne the inputr. 

SUBROUTINE INPUT 
INPUT QUANTITIES 

d in Subroutine INPUT. Namc 

ALL TABLES MUST BE MONOTONIC FUNCTIONS *MMM*r*M*M***MMMwr*Mw*nM** M H B S ~  
A = VISCOUS CONSTANT I N  PRESSURE LOSS EQUATION FOR VAPOR 
A R E A ( I ) =  BASKET SURFACE AREA BELOW H T ( 1 ) n F T Z  
AST: STANDPIPE SURFACE AREA MHB10177 
ATOT= TOTAL START BASKET AREAIF12  
AWIDTH=WIDTH OF SECTION,FT 
A2=VISCOUS CONSTANT FOR TOP SCREEN PRESSURE LOSS 
B = I N E R T I A L  CONSTANT I N  PRESSURE LOSS EXPRESSION FOR VAPOR 
B 2 = I N E R T I A L  CONSTANT FOR TOP SCREEN PRESSURE LOSS 
CC=CORRECTION FACTOR FOR O R I F I C E  ROUNDED ENTRANCEIWAD F I G  3 . 2 2  
C V I ( N )  = IPIPINGEMENT VELOCITY FOR T IM(N)VS C V I ( N )  TABLE, FT/SEC 
Dm SPACING BETWEEN SCREEN BARRIERSIFT 
DBP= SCREEN BUBBLE POINT DIAMETER# MICRONS 
DBPZ = BUBBLE POINT FOR TOP SCREENnMICRONS 
DOR=OUTLET DIAMETER,FT 
DPRESSZ TANK PRESSURE DIFFERENCE ABSVE INTERFACE VAPOR PRESSUREnPSF 
DPX = PRESSURE CORRECTION TERM FOR WICKINGnPSF 
DT = T IME STEP FOR FLOW CALCULATIONS,SEC 
ENZNUMBER OF HOLES I N  DIRECTION PERPENDICULAR TO WICKING FLOW 
GZAMBIENT ACCELERATION FOR CONSTANT G CASES FTISECL 
HCOL(N)= COLLECTED HEIGHT FOR TC(N) VS HCOL(N) TABLEnFT 
HPT(N) PULLTHROUGH HEIGHT FOR QOUT(N) VS HPT(N) TADLEnFT 
H T ( I ) =  BASKET HEIGHT CORRESPONDINC TO V O L I ~ I ) ~ V O L O ( I ) , V T O T ( I )  
HTOL=UNFILLED HEIGHT FRACTION 
HTOT = MAXIMUM HEIGHT OF BASKET, FT 
I=NUflBER OF ENTRIES I N  INPUT TABLES. HT(I),VOLI~I)nVOLO(I)~VTOT(I)~AREA~I) 
J = NUMBER OF ENTRIES I N  QOUT VS HPT TABLE 
K = INDEX OF MAXIMUM HCOL VALUE 
KC=CORRECTION FACTOR FOR ABRUPT CONTRACTIONnWAD F I G . 3 . 2 1  
MPROP=PROPELLANT MASS* LBM 
MR=MIXTURE R A T I O #  MR=6 FOR LH2, MR=1/6 FOR LO2 
MUL L I Q U I D  VISCOSITY.  LBMIFT-SEC . --. 

MVEH=VEHICLE MASS, LBM. - -  

N=NUMBER OF ENTRIES I N  INPUT TABLES TC(N)nAND CVOLCN) 
NDR=STANDPIPE SCREEN WETTING FLAG, NDRZO: SCREEN WETI NDR.NE.0: SCREEN DRY 
NG=G LEVEL FLAG, NG=O FOR VARIABLE G CASE, NG=1 FOR CONSTANT G CASE 
NIR=FLAG,IF.NE.O, IMPINGEMENT TABLES ARE INPUT AND IMPINGEMENT CALCULATED 
NOUTZFLAG FOR OUTFLOWnNO OUTFLOW I F  NOUT = O  
NS= NUMBER OF SECTIONS OF SCREEN 
NSP = S P I L L I N G  FLAGnNSP=O-NO S P I L L I N G .  NSP.NE.O,SPILLING 
I F  S P I L L I N G  DOES NOT OCCUR I N I T I A L  BASKET LEVEL MUST BE LESS THAN TANK 
NSTZFLAG FOR STANDPIPE, NS=O-NO STANDPIPE MHB10/77 
NTSCRZ TYPE OF SCREEN BARRIERnNTSCR=l,P/S-SlP,NSCR=ZnP/S-P/S 
NW = FLAG TO DETERMINE METHOD OF COMPUTING SCREEN WETTING 
NW=l,WT=HO NW=2,WT=HTOT NW=SnWT I S  COMPUTED ACCORDING TO WICKINO 
OA = SCREEN SURFACE OPEN AREA FRACTION 
P=POROSITYnSCREEN VOID FRACTION I N  THE DIRECTION OF WICKING FLOW 
PT= PLATE THICKNESS,FT 
QOUT(N)= FLOW RATE USED I N  OUTFLOW RATE VS PULLTHROUGH HEIGHTnFTS/SEC 
QP = CONSTANT OUTFLOW RATECUSED WHEN NOUT=S)rFTS/SEC 
RANGE = ITERATION TOLERANCE 
RHOL= L I Q U I D  DENSITY, LBM/FTS 
SIGMA= SURFACE TENSIONtLBF/FT 
ST = SCREEN THICKNESSsFT 
TC(N)=COLLECTION TIME- AT  H C O L ~ N )  PSEC 
THETA= ANGLE BETWEEN SCREEN BARRIER AND HORIZONTAL 
THRST=VEHICLE TIiRUST, L B F  
T I M ( N ) =  T IME AT IMPINGEMENTrCVI(N),SEC 
TMAX = MAXIMUM T I M E  FOR CALCULATIONSISEC 
V I L I = I N I T I A L  LEVEL I N  START BASKET,FTS 
VOLI( I )=VOLUME I N S I D E  BASKET AT H T ( I ) ,  FTS 
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C VOLO(I )=VOLUME OUTSIDE THE BASKET AT H T ( I ) ,  F T S  
C V T O T ( I ) =  TOTAL TANK VOLUME AT LEVEL I I T ( 1 )  
C Y =VISCOUS CONSTANT FOR L I Q U I D  FLOW ACROSS SCREENS 
C Z = I N E R T I A L  CONSTANT FOR L I Q U I D  FLOW ACROSS SCREEN 

COFINON/DVCOL/AST, A2,  D2, RANGE 
C O M ~ O N / ' f ~ t P I N O E / A , A R E A ~ 2 0 ) , A T O T ~ B , N D R ~ N I M , N W ~ V O L O ( 2 O ) ~ Y ~ Z  
COM~ON/INFILL/CVI(20),DBP,DDP2~HCOL(20~,HPT~lO~~J~K~RPROP~MU~MVEH~ 

l N ~ N G , N S t N S P , Q O U T ( l O ~ ~ T C t 2 O ) , T H R S T ~ T I M ( 2 O ~ ~ T I T L E ~ 7 ~ ~ V I L I ~ V T O T ~ 2 O ~  
C O M M O N ~ I N P U T ~ D T ~ G , H T ( 2 0 ) ~ H T O T , I ~ K C , N O U ~ N S T ~ O A ~ Q P ~ R H O L ~ S I G M A ~  

l V O L I ( 2 0 )  
- C O ~ \ ~ ~ O N / O U T F L O W / C C ,  DOR IDPRESS 
COMMON/SWET/AWIDTH,D,DPX,ENtHUL~NTSCR,P,PT,ST,THETA 
COMPION/T IHE/HTOL,  THAX 
REAL KC,MPROP,FIR,flULrNVEH 
N A M E l 1 S T / I N D A T A / A ~ A R E A ~ A S T ~ A T O T , A W 1 D T H p A 2 ~ B ~ B 2 ~ C C ~ C V I ~ D ~ D B P ~ D B P 2 ~  

1DOR,DPRESS,DPX,DT ,EN,G, t ICOLDHPT, t lT ,HTOL, t~TOT, I , J ,K ,KC~MPROPrMR~ 
2MUL,NVEH~N,NDR,NGtNIM,NOU7'pNS,NSP,NST,NTSCR~NW~OA~P,PT,QOUT~QP~ 
3RAHGE,RHOL,SIGMA,ST,TCtfHETA,THRST,TIN,TITLE,TMAX,VIL~~VOLI~VOLO~ 
GVTOT ,Y ,Z  

REPD(Sp1NDATA) 
I F ( E O F ( 5 ) )  1 0 ~ 2 0  

10  CALL E X I T  
20  WRITE(6 , INDATA)  

RETURN 
END 



SUBROUTINE OUTFLOW 

Subroutine OUTFLOW oalculatee the o t M . 0 ~  rate from the start basket baaed on tank 
preseure, outlet pressure, basket geometry and outlet geometry. 

SUBROUTINE OUTFLOW 
C CALCULATES OUTFLOW RATE BASED ON BASKET PRESSURE AND OUTLET GEOMETRY*h~*M 

C O R M O N ~ I N P U T ~ D T , G , H T ( 2 0 ) , H T O T ~ I ~ K C , N O U T , N S T ~ O A ~ Q P ~ R H O L ~ S I G M A ~  
1 V O L I ( 2 0 1  

COPltlON/OUTFLOl~~CC, DOR, DPRESS 
C O N M O N / R E F I L L / A L ~ A V ~ A V W ~ D P I N r D P S 2 r H I , H I L l ~ H I L 2 ~ H O ~ H S ~ H X ~ J U M P ~ Q L ~  

lQO,T,VCL,VIl,VILmAX,QO,vOLOUr,vOREF,VV,WT 
REAL K C  
IF(NCUT.EO.5)GO TO 20 
DPF=RWOL~G/32.2~(HIL1+HIL2)/2.+DPRESS-DPIN 
b!RITE(6,30)HILl,HIL2,DPRESS,DPIN,DPF 

3 0  FORNAT(S H I L l = K F 1 0 . 3 ,  H I L 2 = M F l n .  3,M DPRESS=MF10.3,* DPIN=*F10 .3 ,  
1 s  l?PF=wFlO. 3 )  

IF(DPF.LE.O.)GO TO 1 0  
,c DETERMINES START BASKET OUTFLOW RATE H H ~ * H M M H M M M M M M M M H N M M * N N M M W Y M M M H B ~ O / ~ ~  

VOUT=SQRT(2.~32,2NDPF/(KC~CC*RHbL)l 
GO TO li 

1 0  DPFZO. 
VOUT = O  . 

1 5  CONTINUE 
QO=(VOUTH3.1C159HDORHM2)/4. 
GO TO 2 1  

c CONSTANT OUTFLOW RATE - INPUT N M M W M M M M ~ ~ M N M M M M M M M N M M M N ~ M M N M M ~ ~ H Y M ~ M H ~ 1 ~ / 7 ~  
2 0  QO=QP 
2 1  CONTINUE 

VOLOUT=QOMDT 
VILMAX=VILMAX+VOLOUT 
RETURN 
END 



SUBROUTINE STANE 

Subrautine STAND is w e d  whm a standpipe on top of t b  bmkot is employml. 8Landpipe 
flow areas are computed, The s r e u  d q m d  an moreem wetting, baeket preueure 
difYerences and liquid level6 inside end outside the bmket. Caloulatiom determine 
vapor flow area of the standpipe for flow into or  out of the atart hark&, Vapor flow 
urea for flow acrose dry screen, we4 screen and ecreen uurrmded by liquid is 
oomputed. 

(A flag is  used to determine whether the screen is wet or dry independent of the 
calculat!ons c9 SWET o r  flage for NW. This was used to simulate omditions thot 
occurred during testing. ) 

I .  

SUBROUTINE STAND 
c S T A K D  COMPUTES STANDPIPE AREA FOR VAPOR AND LIQUID FLOW w r r r w ~ w w r  
C AVR =AREA FOR UNWETTED VAPOR FLOW OUTSIDE STANDPIPE MMM*M*M*rMMWlHBl0/77 
C AVS =AREA FOR UKWETTED VAPOR FLOW ACROSS STANDPIPE MMMMMMMM*MMMMHB10/77 
C AVWR=AREA FOR WETTED VAPOR FLOW OUTSIDE STANDPIPE M M M M M M M M M * % M M H B ~ O / ~ ~  
C AVWSZAREA FOR WETTED VAPOR FLOW ACROSS STANDPIPE MMUMMMMMMMMMM~IB~O/~~ 
C AVLRZAREA FOR VAPOR FLOW INTO L I Q U I D P O U T S I D E  S T A N b P I P E ~ @ ~ M ~ ~ M * ~ M M ~ M H B 1 0 / 7 7  
C AVLS=kREA FOR VAPOR FLOW INTO L I Q U I D  ACROSS S T A N D P I P E ~ ~ * ~ * * ~ ~ M * M ~ M H B l O / 7 7  

C O M M O N ~ I M P O U T ~ C V O L ~ D P S ~ H D P I N ~ H P U L L ~ V O L  
C O ~ 1 M O N ~ I N P U T / D T , G ~ H T ( 2 0 ~ ~ H T O l ~ 1 ~ K C ~ N O U T ~ N S T ~ O A ~ Q P ~ R H C i ~ S I G N A ~  

l V O L I ( Z 0 )  
COtlMON/DVCOL/AST , A2, B?, RANGE 
C O M ~ l O t l ~ I M P I N G E ~ A , A R E A ( 2 0 ) ~ A T O T ~ B ~ N D R ~ N I M ~ N W ~ V O L O C 2 O ~ ~ Y ~ Z  
C O V P ~ O N ~ R E F I L L ~ A L ~ A V ~ A V W t D P I N ~ D P S 2 ~ H I , t l I L l ~ H I L 2 ~ H O ~ H S ~ H X ~ J U N P ~ Q L ~  

1 Q O ~ T ~ V C L ~ V I L ~ V I L M A X , V O ~ V O L O U T ~ V O R E F , V V ~ W T  
C C M I I O N / S T A N D / A V L R ~ A V R ~ A V W R  
C O F ! M O H / W R I T / A D L , A V L , 2 V L S , A V S ~ A V T , A V W S , H D Y N , V L , V T , V V L , V V L S , V U S , V V W ,  

lVVLJ5 
HA=t i I+HX 
CALL TADL(HA,AM,HT(l),AREA(l),l,l,l,I~IFBA11) 
IF (AV.LE.AST)GO TO 9 6  MHB10/77 
IF(AV.GT.AST)AVS=AST M H B l 0 / 7 7  
AVRZAV-AST RHB10/77 
XVblS=O. MHB10/77 
AVLf=O.  MHB10/77 
AVL'R=AVW MHB10/77 
AVLRZAVL 
GO TO 9 7  MHB10/77 

9 4  AVWTO=AV+AVW 
!F(AVWTO.LE.AST)GO TO 9 5  
IF(AVWTO.GT .AST)AVS=AV HHBlO/77  
AVRZO. MHB10/77 
AVWS=AST-AVS NHB10/77 
AVLSZO. M H I 1 0 / 7 7  
AVL!R=AVW-AVWS MHB10/77 
AVLRZAVL M H B l O / ? l  
GO TO 97 MHB10/77 

9 5  AVWX=AV+AVW+AVL 
IF(AVWX.LE.AST)GO TO 9 6  
IF(AVWX.GT .AST)AV3=AV MHB10/77 
AVUS=AVW MH1110/77 
AVRZO. MHBlO/77 
AVWR=O. NHB10/77 
AV!S=AST-AVS-AVWS NHB10/77 
IF(HO.GE.HTOT.A.HX.LT.!iS.A.HO.OT.HI+HX)AVLS=ATOI'-AM 
IF(AVLS.GT.AST)AVLS=AST 
AVLRZAVL-AVLS M H B l 0 0 7 7  
GO TO 9 7  



A V L S Z A V L  
IF(HO.GE.HTOT.A.HX.LTTHS.A.HO.OT,HI+HX)AVLS~ATOT-AN 
I F C A V L S  .GT.  A S T ) A V l S = A S T  . 
AVLRZO.  
IF(NDR.EQ.1) A V S Z A S T  
R E T U R l i  
END 



SUBROUTINE SWEI 

Subroutine WET computes wioking along the main screen wing equations developed in 
Ventadr  Propellant Thermal Conditioning Study," by M. H. Blatt, R. L. Pleasant and 
R. Ericksm, NASA CR- 135032, CA SD-NAS-76-026, NAS3-19693, July 1976. Plate/ 
screen-screen/plate and plate/scmen-plate/screen, the two configurations that were 
found t o  be most promising, are programmed for wicking between the inner barriers. 
An iteration on time and wicking distance travelled is performed until a solution is 
reached that satisfies the time step taken. 

The subroutine yields the distance wicked ahead of the level of liquid outside the star t  
basket. (Options are available that do not use subroutine SWET t o  compute screen 
wetting. One option wets the entire screen instantaneously; the other aption keeps 
the screen wetting at the liquid level with no wicldng. ) 

S U B R O U T I N E  SWET 
C A L C U L A T E S  SCREEN W E T T I N G  C O N D I T I O N S  AS A  R E S U L T  O F  W I C K I N G  
C O M M O N ~ I N P U T ~ D T ~ G ~ H T ( 2 0 ) , H T O T ~ I ~ K C ~ N O U T ~ N S T ~ O A ~ Q P ~ R H O L ~ S I G ~ I A ~  

l V O L I ( 2 0 )  
C O ? ~ M O N / R E F I L L ~ A L ~ A V ~ A ~ ~ ~ J ~ D P I N ~ D P S ~ ~ H I ~ H I L ~ ~ H I L ~ ~ H G ~ H S ~ H X ~ J U M P P Q L ~  

1QO.T,VCL,VIL.VILNAX.VO,voLOUT.voREF,vv,wT 
COMRON/SWET/AWIDTH,D,DPX,ENpNUL,NTSCR1P,PT,ST,THETA 
R E A L  K C I M U L  
s 1 = 0  
T l l = O .  
S=HO/S.  
A S = Z & S T * P  
PLATEISCREEN-SCREENIPLATE W I C K I N G  C A L C U L A T I O N  MHHHHHMXMXMMMMHXHHHWMHBl0/77 
I F ( N T S C R . E Q . 2 ) G O  TO 1 0  
A F = D  

5 T I = A F / ( A F - A S ) * 2 4 . H B U L w S I G M A / R H O L * H 2 / D W 3 / G % * 2 X 3 2 . 2 / ( S I N ( T H E T A ) ~ ~ 2 )  
l*(-RWOL~G~32.2~D*SnSIN(THETA)/2./SIGF1A-ALOG~l.-RHOL~G/32.2~D*S~SIN 
l ( T h E T A ) / 2 . / S I G P i A  -DPX*D/2.)*(l.-DPXsD/2.)) 

s = s / 1 0 .  
GO TO 15 
l I U = A L O G ( ( T I P - T I R ) / T I D )  
TI=(TIA*TIB*TIC-TIPwTIU)/TID 
W R I T E ( b r 1 5 0 ) T I , S  
FORMATCX T I =  s F 1 2 . 4 , X  S  = M F 1 2 . 4 )  
CONVERGENCE C A L C U L A T I O N S  ~ H ~ ~ ~ H H ~ H ~ M H ~ H N ~ H H ~ W M ~ M M H W M ~ ~ H ~ M H H W M ~ H ~ ~ ~ M H B ~ O ~ ~ ~  
I F ( T 1 - T . L T . T / l O . ) G O  TO 1 0 0  
s2=s1 
s1=s 
T I 2 = T I 1  

s = s 1 / 2 .  
I F ( N T S C R . E Q . 2 )  1 5 , 5  
s = s 1 * 2  
I F ( N T S C H . E Q . 2 )  1 5 , 5  
S L O P E = ( T I l - T I 2 ) / ( S l - S 2 )  
S = ( T I l - T ) / S L O P E + S l  
I F ( N T S C R . E Q . 2 )  1 5 9 5  
END O F  CONVERGENCE C A L C U L A T I O N S  x x n ~ ~ ~ n w w w w w w w ~ ~ ~ r n w ~ ~ ~ ~ w r w ~ ~ w ~ ~ ~ * M H B l 0 / 7 7  
WT=I iO+S 
RETURN 'A-22 
END 



1 SUBROUTINE TIME 

k 

Subroutine TIME tnarements the value of time and obeoks to see if the end time has been 
reached or ths basket is W1. 

SUBROUTINE TIME 
C INCREPIENTS TIME.DETERM1NES WHETHER BASKET IS FULL **%***Hr*H*w****MHB10/77 
C DELT=TRUNCATED VALUE OF DT DUE TO BASKET FILLING 
C VTILZ=VOLUME OF LIQUID IN THE BASKET IF FILLING IS UNCONSTRAINED 

C O M M O N / I N P U T ~ D T ~ G ~ H T ( 2 O ) , H T O T ~ I , K C ~ N O U T ~ N S T ~ O A ~ 4 P ~ R H O L ~ S I G M A ~  
lVOLI(20) 
CGMMON~REFILL/AL,AV,AVW,DPIN~DPS2sHI~HILl,HIL2~HOpHS,HX~JUMP~QL~ 

lQO~T~VCL,VIL,VILNAX,VO~VOLOUT~VOREF,VV,WT 

W R I T E ( 6 # 8 ) V T I L 2 # V M A X 1 V O R E F , Q O I D T  MHB11/77 
8 FORMAT(% VTIl2 =*F10.3*FT3, VMAX=*F10.3*FT3, VOREF=*F10.3*FT3*QO=*MHB11/77 
lF10.3SFT3/SEC, DT=*F10.3sSE(%) MHB11/77 
DELT=DT*(VTIL2-VMAX)/(VOREF-QO*DT) MHB11177 
WRITE(6,lO) 

10 FORMAT(20X* BASKET FULL*) 
CALL WRIT 
HI =HMAX 
T=T +DELT 
W R I T E ~ ~ ~ ~ ~ O ) T ~ H O , H I  

110 FORMAT(* TIME AT END OF TIME STEP = *F8.'i*SEC, TANK LIQUID LEVEL 
l=XF8.4%FT, BASKET LIQUID LEVEL =SF8.GXFT*) 

C GO TO JUMPgTRANSFER CONTROL TO MAIN PROGRAM-STATEMENT 10, IN ORDERMHB10/77 
c TO RESTART A NEW CASE ~ X ~ ~ ~ ~ * ~ ~ ~ % X % ~ H ~ * % ~ % H % Y ~ ~ % Y % ~ X % ~ X % S Y ~ X % X ~ N ~ % ~ ~ B ~ O / ~ ~  

GO TO JUPIP#(20) 
240 CALL W4IT 

IF((AGs(HNAX-HN)).GT.(HX*HTOL))GO TO 20 
WRITE(6,Zl)HTOL 

21 FORMAT(ZOX.~FILLING LEVEL WITHIN HS TIMES *FB.S*FT*) 
GO TO JUNP,(20) 

20 COKTINUE 
RETURN 
END 



SUBROUTINE WRIT 

Subroutine WRIT formats and directs the output for eaoh time step after time zero. 

SUBROUTINE WRIT 
C WRITES CONDITIONS AFTER EACH T I N E  STEP * w ~ * * * * * * * * ~ * * * * * * * * * * * * * * * f l H B 1 0 / 7 7  

C O E N O N ~ I N P U T ~ D T ~ G ~ H T ( 2 0 ) , H T O t r I , K C o N O U T ~ N S T ~ O A ~ Q P o R H O l ~ S I G P l A ~  
1 V 0 1 1 ( 2 0  I 
C O K M O N ~ R E F I L L / A L ~ A V ~ A V U ~ D P I N ~ D P S 2 ~ H 1 ~ H I L l ~ H I l 2 ~ H O ~ H S ~ H X o J U M P ~ Q L o  

lQO,T , V C L ~ V I L ~ V I L M A X , V O , V O L O U T ~ V O R E F , V V , U T  
CGPXlON/TIME/HTOL, TNAX 
C O t ; ? l O N / W R I T / A D L ~ A V L , A V L S , A V S ~ A V T , A V W S ~ H D Y N , V L ~ V T p V V L , V V L S # V V S o V V U p  

1 VVIJS 
REAL K C  
WGITE(6 ,11)QL 

11 FORHAT(* INFLOQ RATE DURING T I R E  STEP =*F8.4*CUBIC FEET/SEC*) 
WRITE(6,20)VV#VVW,VVL,VL,VT 
W R I T E C 6 , 3 0 ) A V # A V W s A V L , A L , A V T  

2 0  FORPIAT(* VV=*FS. SwFT/SECS7X%VVW=*F8.5sFT/SEC*SX*VVL=*F8. SgFT/SEC'q5 
lX*VL=HF8.5*FT/SEC%5X* VT=sF8.5 )  

3 0  FORMAT(* A V = ~ F ~ . ~ * F T ~ K S X ~ A V W = * F ~ . ~ * F T ~ ~ ~ X * A V L = * F ~ . ~ * F T ~ * S X * A L = * F ~ .  
14hFT2*5X*  AVT=XFB.t )  

WRITE(6,31)VOpADL#HDYN 
3 1  FORMAT(* VO=sFS.5* ADL=*F8.5% HDYN=UF8.5) 
70  WRITE(6,71)VOREF,VCL~QO~VOLOUT 
7 1  FORMAT(* VOREF = * F 1 0 . 4 # s  VCL = RF10.4,* QO =*F10.4,* VOLOUT = * F l O .  

1 4 )  
U ? I T E ( 6 # 7 2 )  D P I N I H X  

7 2  FORMAT(q DPIN=SFlO.S*LBF/FT2 HX= *F10 .5%FT*)  
WRITE(6 973)  AVS#AVLS,A'JWS 

7 3  FOIZPlAr(N A V S = X F ~ . ~ % F T ~ * ~ X ~ A V L S = * F ~ . ~ ~ F T ~ * ~ X * A V W S = * F ~ . ~ S F T ~ * )  
k rRITE(6 ,74)  VVS#VVLS,VV!4S 

7 4  FORPlAT(X V V S = X F ~ . ~ H F T / S E C ~ ~ X * V V L S = * F ~ . ~ * F T / S E C * ~ X * V V W S = * F ~ . ~ * F P S * )  
W!?ITE(6,110)  T,HO,WI 

1 1 0  FORNAT(X T I N E  AT EKD OF T I M E  STEP = *F8.4ESEC# TANK L I Q U I D  LEVEL 
l = % F S . 4 S F T ,  BASKET L I Q U I D  LEVEL =sF8.4sFTR)  

IF(T.GE.TM&X)GO TO 2 0 6  
DO 50 L=1 ,4  

5 0  WRITE(6,CO) 
40  FORFIAT (1HO) 

i d R I T E ( 6 , l O )  T,HO,HI 
1 0  FORPlAT(w I N I T I A L  CONDITIONS, T I N E  =%F8.4*SEC, TANK L I Q U I D  LEVEL 

1 = t F 8 . 4 f F T ,  BASKET L I Q U I D  LEVEL =*F8.4HFT*)  
200 RETURN 

END 



: SUBROUTINE DIAGNOS 
I 

Subroutine DIAGNOS is used for debugging and following the convergence pattern in the 
main subroutines. A printout of significant values in each iteration is formatted and 
directed from this subroutine. (This subroutine is not normally required but is included 
for completeness of documentation. To delete the subroutine all CALL DIAGNOS 
references should be removed a s  well a s  SUBROUTINE DIAGNOS. ) 

SUBROUTINE DIAGNOS 
C DIAGNOS USED FOR F R I N T  OUT FOR DEBUGGING % * % H * H * W * r n % * w * * x w r ~ w * * ~ *  

COKNON/DVCOL/AST,A2, B2,RANGE 
C O M ~ O N ~ F L O W / A L 1 p A L Z p A l ~ 1 ~ A V 2 p C O N V E R G p C O N V l ~ C O N V 2 ~ D P I N l ~ D P I N 2 ~ H O L l ~  

lHDL2,NITER 
C O M ? ~ O N ~ I M P I N G E ~ A ~ A R E A ~ ~ O ~ ~ A T O T , B , N D R ~ N I M ~ N W ~ V O L O ~ ~ O ~ ~ Y P Z  
C@~IPION/IilFOUT/CVOL, DPS,HDPIN,HPULL #VOL 
COX?tON/INPUT/DTpG~HT(20)pHTOTpI,KC~NOUT~NSTpOA~QP~RHOLpSIGMA~ 

l V O L I ( 2 0 )  

REAL K C  
L ~ R I T E ( ~ ~ ~ ~ ~ ) C O N V E R G ~ D P I N , D P I N ~ ~ D P I N ~ P C O N V ~ P C O N V ~  

3 1 1  FORPIAT(* CONVERG = X F l O .  5 %  D P I N  =*F10 .5#  D P I N l  =*F10 .5*  D P I N 2  = * F l O  
1 . 5 8  CONVl = * F 1 0 . 5 *  CONV2 =*F10 .5 )  

L c ' R I T E ( 6 , j 1 3 ) N I T E R , V V p V V L ? I , V V L , V L , V T  
3 1 3  FORFIAT(* ITERATION NUPlBER % I 3 3  VV=*F10.5*VVW=sF10.5* VVL=*FlO.S* 

l V L = * F 1 0 . 5 , 5 X * V T = * F 8 . 5 )  
W R I T E ( 6 , 3 0 ) > 4 V , A V W , A V L , A L , A L , A V T  

30 FORMAT(* A V = % F ~ . ~ : ~ F T ? S ~ X * A V W = H F ~ . ~ Y F T ~ Y ~ X * A V L = * F ~ . ~ % F T ~ X ~ X N A L = ~ F ~ .  
1 5 f F T 2 K 5 X X A V T = * F 8 . 5 )  

~ d R i T E ( 6 , 3 1 4 ) A V l , A V 2 , A L L A L L ~ Q L ~ Q O  
3 1 4  FOE;lAT(it A V 1 =  NF10.5*  AV2= NF10.5*  AL1= * F 1 0 . 5 * A L 2 = w F l O . S ~  Q L =  * F 1  

1 0 . 5 3  Q O = s F l C . 5 )  
b ' R I T E ( 6 p 7 3 )  AVS,AVLS,AVWS 

7 3  FORblAT(g A V S = N F 8 . 5 ~ F T 2 ~ 5 X X A V L S = r t F 8 . 5 ~ F T 2 * 5 X * A V W S = ~ F 8 . 5 % F T 2 ~ )  
Ic 'SITE(6,74)  VVS .VVLS,\!V:,!S 

7 4  FORtl&T(X V V S = % F ~ . ~ % F T / S E C ' ~ ~ X X V V L S = K F ~ . ~ N F T / S E C K ~ X * V V W S = * F ~ . ~ * F P S ~ )  
WRITE(6,315)VOL,VIL,VOREF 

3 1 5  F.OR?lAT(* V O L  =*F10.5 ic  V I L  = % F 1 0 . 5 *  VOREFZ wF10.5)  
W r I T E ( 6 , 3 1 6 )  

3 1 6  FOEI!AT(lH 
RETURN 
END 



A .  3 PROGRAM REFILL SAMPLE INPUT 

The program input i s  in namelist format. Definitions of input variables are given in 
the initial portion of subroutbe INPUT. The input shown on the following pages i s  
for the Centaur D-1s L* tank refilling during the fourth burn of the five burn 
low earth orbit mission. 

PROGRAM INPUT 



: i 
I ROUT.0.0,0.835, 
i RAIOE4.0004, 

RHOLo68 .S, 
SIOnbO. 000782, 
ST=O.OQI OJ1 
1 t=0.0,0.01,53.0, 
THETA~1.571, 
1 ITlE=3 1 HCENTAUR b-1 S LDZ BASKET 50x230, 
TRAX=1?.0, 
VILI=0.135, 
VOL1=0.0,0.0325,0.701 9d.73291 .4S11 a79,3.31 , & a 9 1  ,?eS7,?.5701 p7.!5702v 
V 0 L 0 ~ 0 ~ 3 0 7 3 , 0 ~ 3 6 4 ~ 0 ~ 4 4 8 6 ~ 0 ~ 7 9 6 8 , 1 ~ 1 0 0 6 ~  1 a2406,2.3304p0e341 1 , I 4  e8523, 
21.6309,?4.942, 
VT01~0.3073,0.3965,1.1496,1.5288,2.5506,3.0306,3.6484,15.2511,22.4223, 
29.209,102.5126, 
Y=3.38, 
Z=t5.01, 
SEND 

A .  4 PROGRAM REFILL SAMPLE OUTPUT 

The output shown on the following pages corresponds to  the case input shown in A. 3. 
Results for the 4th burn of the flve-burn low earth orbit mission are shown for 
Centaur D-1s L@ start basket refilling. 

Initial conditions are printed first. The first two time steps and the last time step 
are shown. For the first time step convergence was obtained in less than ten 
iterations, The second time step shows the printout driven from subroutine DIAGNOS 
if greater than ten iterations are required. This feature was used extensively in the 
debugging state of program development in order to eliminate convergence problems 
and programming errors. (Subroutine DIAGNOS and associated subroutine call 
statements can be eliminated from the program to reduce computer and printer costs. 
Calculations performed will be identical with or  without subroutine DIAGNOS. ) 

The calculations show that the capillary device refills into the standpipe region in 
2.5521 deconds. This i s  well below the allowable refilling time of 16.9 seconds for 
this burn. 
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